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Abstract 
The steeplands of Central America are being systematically deforested as population 
pressure dictates a need for an increase in subsistence agriCUlture. The combined 
effect of high rainfall and lack of conservation measures leads to high levels of soil 
erosion. In order to assess sustainable soil conservation technology, research was 
conducted in the mountainous agricultural area of Guinope, Honduras. Runoff and 
soil loss from a number of plots that were established on various ground slopes and 
under different landuses were measured during the 1994 and 1995 seasons. Natural 
and fired woodland were assessed to provide an indication of both baseline conditions 
and those associated with the initial stage of deforestation. Against these, the impacts 
of agriculture involving maize - Zea mays L.- with and without two leguminous cover 
crops - Mucuna sp. and Canavalia ensiformis (l)DC. - were assessed on ground 
sloping at 6, 11 and 18 degrees. Seasonal runoff under natural pine forest is shown to 
be 10 % that of maize agriculture on similar slopes while fired forest is 49 %. Of the 
cover crops, after a second year Mucuna is the most protective when intercropped 
with maize, giving runoff on 18 degree slopes which is 47 % that of maize grown by 
itself, compared with 51 % for Canavalia. On 11 degree slopes, Canavalia offers 
greater protection but here the difference between the two cover crops is marginal 
Soil erosion can be shown to be a function of ground slope. For maize grown by itself, 
soil losses from 6 and 11degree slopes are 13 % and 23 % those from 18 degree 
slopes. On two years of research Canavalia is more stable in giving protection. On 18 
degree slopes, soil loss where Mucuna is intercropped is 43 % that under maize alone 
while for Canavalia it is 47 %. By comparison, the natural forest loses much less than 
1 % that of the maize fields. This study clearly shows the vulnerability of steep lands 
that are being clear-felled. It also demonstrates the considerable advantages of using 
extensive green soil conservation technology in reducing soil erosion and prolonging 
the usefulness of land. This extends to relieving the pressure on virgin forest in a 
situation where population growth discourages long periods fallow as part of a form 
of shifting cultivation. 
Keywords: Overland flow, Soil erosion, Soil conservation, Steeplands, Tropical 
deforestation, Mucuna, Canavalia, Honduras, Central America 
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1. INTRODUCTION 
Agricultural farming on the hillsides of Central America is practised mainly by 
resource-poor farmers with no alternative land on which to produce the staple food 
needed for subsistence (Heckadon, 1992; Utting, 1993). The main reason is the 
shortage of flatter land in a region that is fairly mountainous and in which valleys 
have long since been used for the cultivation of cash crops and grass for cattle 
(Leonard, 1987; Stonich, 1991; Kainmowitz, 1996). But this situation is not restricted 
to Central America. Lal (l988b) and EI-Swaify (1997) report that increased 
population growth especially in developing countries around the world, has resulted in 
further fragmentation of small holdings on steep hillsides in economies where farmers 
have little option but to exploit marginal land. 
Reduced soil productivity and degradation are a direct effect of soil erosion (Vahrson, 
1992; Garcia-Oliva et al., 1995). The degradation of land, exacerbated by the 
cultivatiOn of hillsides, is viewed with growing concern, especially within developing 
countries (Myer and Tucker, 1987; Bulte and van Soest, 1995). It is increasingly 
recognised that ancient cultures in Europe, Asia and Central America disintegrated as 
a consequence of the rapid degradation of the soil due to either changes in farming 
practices forced by increased population or an inability to adapt to a changing 
situation (Dudal, 1981). As a lesson from the past, it is now understood that the 
impact of adverse agricultural practices on the environment may have disastrous 
consequences in securing the supply of food of future generations (Lawton and Wilke 
1979; Weiskel, 1989). 
In spite of the growing international concern for the conservation of the environment, 
deforestation rates continue to be alarmingly high in developing countries (Grainger, 
1992; Reijntjes et aI., 1992). Forests in Latin America have been destroyed not only 
for subsistence or marginal agriculture but merely as supply of either timber or 
fuelwood, and very often for opening up grazing areas for cattle (Uhl et al., 1989; 
Fearnside, 1993). 
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It is common in developing countries that marginal farming in hillsides to be practised 
by farmers that lack permanent rights over the land they use. This situation is regarded 
as a restrictive factor for adopting long term soil conservation measures; i.e. broad 
based terraces and live barriers oftrees (FAO, 1996). Under this scenario, it might be 
considered that a better policy for protecting the soil would be to accept agricultural 
use of steep land but to encourage the use of sustainable conservation measures 
(Hudson, 1988). In this context, conservation practices should be simple and 
sustainable and help reduce the degree of soil degradation and/or increase the 
productivity of the soil (Douglas, 1984; Buckles and Barreto, 1994; Greenland, 1994). 
The use of simple and inexpensive techniques, such as legume crops for protecting 
the soil when intercropped with maize, is of the highest importance for those farmers 
practising subsistence agriculture and for whom implementing mechanical or 
engineered soil conservation practices (such as level bench terracing) are beyond their 
available resources (Bunch, 1990a; Flores, 1993a&b). Securing land productivity for 
longer periods than achieved at present may reduce the pressure to open new land for 
agriculture (Leonard, 1987). 
Although it is claimed that legumes may help control soil erosion (Bonsu, 1981; 
Mbegera, 1985; Stocking, 1988; Bramley and Coppin, 1989; Buckles, 1994), 
scientific research is rather scarce, especially in Central America. Until recently in 
Honduras, no experiments have been performed on upland hillsides on which to base 
management recommendations for the use of legumes as a means for controlling soil 
erosion (Sims and Ellis-Jones, 1993; Leonard, D., Flores, M., Bunch, R., 1994, 
personal communication). 
,-------------------------------------- - -
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1.1 Research objectives 
The main goal of the project is to contribute to the regional agricultural performance 
by assessing and developing sustainable soil conservation technology appropriate to 
local farmers' circumstances. In particular, this project seeks to study the current 
situation of soil erosion and conservation practices in Central America as a means of 
achieving the following objectives: 
1. To measure the runoff and soil loss from fIred and natural forestlands in order 
to establish quasi-natural conditions and that arising from the initial stage of 
forest clearance. 
2. To measure the runoff and soil loss from plots subject to a range of 
agricultural treatments. 
3. To evaluate the effIciency of the leguminous cover crops as an inexpensive 
means of reducing runoff as well as conserving soil, recording, in real-time, 
the runoff response to convective rainfall from the steepest experimental plots 
treated with: maize alone, maize-Canavalia and maize-Mucuna. 
1.2 Hypotheses 
Several hypotheses will be tested: 
1. Native forest has low rainfall-runoff ratios, which are increased by the initial 
clearance process using fIre. 
2. Changes in land use have a signifIcant impact on the soil erosion process on 
tropical hillsides and forest land, when used for agriculture suffer a rapid 
degradation throughout soil loss. 
,----------------------------------------------------------------------
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3. Once forest has been cleared, the slope of the land has a major role in determining 
the amount and rate of soil erosion. The steeper the slope, the greater the volume of 
runoff and the greater the rate of erosion. 
4. Erosion under agricultural management can be reduced or halted by using 
leguminous cover crops (Mucuna and Canavalia), which reduce the erosivity of 
rain and increase the stability of the soil. 
- - - ---- - - -------------------------------- --- ---
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2. HILLSIDE SOIL EROSION AND CONSERVATION 
2.1 Shifting cultivation and land degradation of hillsides 
Slash-and-burn, or shifting cultivation, agricultural systems have been in use in 
various parts of the world for thousands of years with variable impact on the 
environment (HaIIsworth, 1987). They have been a common feature on 360 million 
ha, or 30%, of the exploitable soils of the world giving support to over 250 million 
people in the last few decades (Douglas, 1984). 
Ancient agricultural practices in Central America included a more intensive system 
close to urban areas that contrasted with the more extensive variant of shifting 
cultivation that was practised away from urban settlements (MausoIff and Farber, 
1995). However, Sharer (1994) points out that prehispanic agricultural practices 
would have been more intensive than extensive, given the lack of iron tools and the 
difficulty of clearing a piece of land with only the help of stone tools and fire. Perhaps 
surprising is that shifting cultivation is still the most common agricultural system on 
the hillsides of Central America (Leonard, 1987; Heckadon, 1992; Thorpe, 1991) 
(plates 2.1 and 2.2). 
Shifting cultivation uses similar techniques throughout the world (Hauk, 1976; 
Kellman, 1969). In the most common form of slash-and-burn agriculture on hillsides, 
the forest is clear-felled with the aid of axes or machetes and burnt during the dry 
season. Crops are then planted through the ash and debris with or without primary 
cultivation (Maude, 1970; Sanchez, 1976;Leonard, 1987; Soto et al., 1995). Slash-
and-burn agriculture depends on the mineralisation of organic nutrients from the plant 
remains or on inputs from ash, both of which are short-lived and restrict the 
agricultural use to short periods, especially in naturally nutrient-poor tropical soils 
(Leblond and Guerin, 1983; Gijsman, 1992; Tiessen et al., 1994). 
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Plate 2.1. Shifting cultivation on the hillsides near Santa Rosa de Cop an, 
Hondura. 
Plate 2.2. Sh ifting culti vation on the hillsides in 
Honduras. 
amasigue, Cholu teen, 
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While the forest is undisturbed, runoff and soil loss are negligible in natural forested 
areas (Elsenbeer et aI., 1995; Meyer, 1986). Following the removal of trees or after 
either a natural or induced fIre (e.g. in preparation for shifting cultivation), runoff and 
soil erosion may occur as a result of the destruction of the protective plant canopy 
cover and litter layer (Sanchez, 1976; Diaz-Fierros et al., 1979; Wells et al., 1979; 
Bohling and Gerold, 1991; Oyarzun and Pefia, 1995). It is also possible that an 
impervious crust or hydrophobic layer develops after the deposition of ash on the soil 
surface (Dunn and Debano, 1977; Morin and Benyamini, 1977; McNabb and 
Swanson, 1990; Imeson et aL, 1992). However, Ternan et al. (1996) reported that 
hydrophobic substances from the shrub Cistus might have increased aggregate 
stability. 
The risk of accelerated soil erosion is greater if the rain season starts immediately 
after the fire (either natural or intentional) took place and the land is cultivated, as 
cover has yet to develop; when such an area is allowed to recovery naturally, the rate 
of soil erosion is gradually reduced in following years (Cerda et al., 1995; Garcia-
Oliva et al., 1995). But probably more important for potential soil degradation is the 
intensity of the fIre (reflected in the degree of destruction of the cover canopy and the 
amount of resulting ash) because this might have an impact on the soil surface by 
means of reducing roughness and increasing its hydrophobic characteristics (Lavee et 
al., 1995). 
Normally, the cultivation of land would be restricted to two or three consecutive 
cropping seasons. A minimum level of nutrients is left in the soil, enough to allow the 
recovery of natural vegetation which in turn will allow another cycle of crop use. The 
fallow period varies between four and 20 years, depending on the inherent 
characteristics of the land (Maude, 1970; Sanchez, 1976). However, as the pressure on 
land has increased, the fallow period has been reduced and so has the natural recovery 
of degraded soils. The danger in shortening the fallow period in traditional shifting 
cultivation practices has been highlighted by Kang and Moorman (1977) who have 
shown reduced productivity and a tendency to accelerated erosion. It IS common to 
introduce an intermediate step before the fallow period which involves the soil being 
used as grassland for cattle before abandoning it to full recovery. However, under 
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grazing, further degradation may occur as the soil is compacted, reducing the 
infiltration of water and increasing channelling and surface wash (Leonard, 1987). 
In Brazilian Amazonia, for example, the area of forest cleared by recent deforestation 
had reached 426 000 km2 by the year 1991 which represents more than 10% of the 
total forest reserve in Legal Amazonia (Fearnside, 1993). As a comparison, such a 
figure represents nearly two times the total area of the United Kingdom. Uhl et al. 
(1989) mention that cattle farms in Amazonia are abandoned after their productivity 
has declined, usually after 4 to 8 years, and claim that a minimum of 200 years are 
required for a total natural recovery to take place. In that environment, traditional 
knowledge held by Amazonian inhabitants is regarded as a necessary tool for a 
sustainable use of the forests as well as for encouraging a faster recovery (Posey, 
1989). 
Although, soil degradation may be kept low under subsistence shifting cultivation on 
relatively flat land because the soil remains largely in situ with negligible erosion, 
when shifting cultivation is practised on steep slopes, the sou will detenorate rapidly 
as a consequence of loss of soil particulates and/or nutrients downslope (Hallsworth, 
1987). The soils are impoverished as runoff washes away the nutrients adsorbed to 
suspended sediments which largely consist of intact soil peds (Alberts and 
Moldenhauer, 1981; Cervantes and Vahrson, 1992; DIson et al., 1994a; ZObisch et aI., 
1995). 
Many physical, chemical and biological processes are changed as a consequence of 
the removal of the cover from forest soil during slash-and-burn. Forest soils are easily 
degraded because most of the available nutrients tend to accumulate close to the 
surface from where they are easily removed by surface wash (Sanchez, 1976). 
Nitrogen and carbon dioxide are lost to the atmosphere at the time of initial clearance; 
organic matter may be mineralised and an increase in pH may be expected as a result 
of an increase in bases. During cultivation, most mineralised organic N is lost and P 
reverts to unavailable forms associated with Fe and AI (Tiessen et al., 1994). Without 
the tree canopy, there is increased penetration of solar radiation, a heating of the soil 
surface and the direct effect of increasing the rate of decomposition of organic matter. 
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Soil moisture might increase in the topsoil and physical properties, such as structure 
may deteriorate just after the forest is cleared (Sanchez, 1976). Furthermore, it is 
possible that reducing the number of micro-organism leads to accelerated 
deterioration of soils as the structure is destroyed (Williams et al., 1995). 
Cultivated land on high gradient hillsides where the soil parent material is sandstone 
or acidic volcanics is prone to accelerated erosion because soils are often friable and 
shallow (Canales, 1995). This is aggravated by the fact that rain in tropical areas often 
falls as high intensity storms which may reach high erosivity indices (Hall and Calder, 
1993; Obi and Salako, 1995). The potentially high erosion risk is then increased when 
no conservation practices are applied, especially when maize is cultivated as a single 
crop. For example, soil losses of 127 Mg ha-I a·1 were reported by Sheng (1982) on a 
steep hillside planted with maize in Metapan, El Salvador. 
2.2 Soil erosion processes 
The erosion process involves several factors. In early studies, Ellison (1944) 
established four different elements of the erosion process: i) ''loss of soil through 
surface runoff' (soil carried by runoff waters); ii) "loss of soil through raindrop 
splash"; iii) "erosional activity" (displacement of soil particles by raindrops or surface 
water); and iv) "erosional damage" (land degradation). 
Detachment is the first factor of the erosion process; it provides loose material on the 
soil surface which can be easily removed by runoff; it also implies soil aggregate 
breakdown with resultant impacts on soil surface crusting and sealing and therefore 
on the generation of runoff (Meyer, 1986). Free (1960) found that an important 
requirement for erosive detachment of soil particles was a rainfall with an intensity of 
8.3 mm h·1 or more and a duration of at least five minutes. Hudson (1971) later 
reported that in South Mrica, sand splash under natural rains only occurred under 
intensities of at least 25 mm h·l . The detachment of soil material removes soil 
particles (both primary and aggregated) from the soil mass by raindrop impact or 
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runoff shear and transports It by splash or as sediment suspended in flowing water 
(Morgan et aL, 1984). 
The direct effect of raindrops on the soil surface is the explosive impact which both 
detaches soil material and exerts a localised compaction force (Gunn and Kinzer, 
1949; Al·Durrah and Bradford, 1982a&b). When a raindrop is intercepted by a plant 
canopy, its erosivity is reduced but should small raindrops coalesce as drips they may 
regain energy and may cause damage to the soil surface, especially if leaf drip falls 
repeatedly onto the same point (Morgan, 1982). Under mixed tropical forest canopies, 
concentration of rain into drips increases the kinetic energy and hence the potential 
for erosion (Hall and Calder, 1993; Calder, 1994). However, although dripfall under a 
canopy of pine trees may reach high terminal velocity, it might have little impact in 
eroding the soil due to the layers of surface litter (Brandt, 1985). In soils under 
agriculture, the rain reaches the soil surface beneath the vegetation canopy as: direct 
throughfall, stemflow, and leaf drainage. Leaf drip and stem flow are controlled by 
the re-routing and concentration of water and those differ with crop morphology 
(Farres and Muchena, 1996). 
Although it has been demonstrated that the soil can be protected by adding vegetative 
cover above the surface (Stocking, 1988), specially under forest (Putuhena and 
Cordery, 1996), there is controversy about the role of plants in protecting the soil 
from erosion by raindrop splash. Morgan et aL (1984) argued that rainfall energy at 
the ground surface decreases exponentially with increasing interception. Mbegera 
(1985) agreed but obtained a linear negative relationship between splash detachment 
and plant cover. However, Morgan et al. (1988) later found that leaf drips are more 
efficient in detaching soil material than are raindrops, particularly for ftrst splashes; 
multiple drips on the same point, as occur with low fall heights, can detach more 
material than the same number of drips falling at different points. Indeed, higher rates 
of soil detachment have been obtained experimentally from crops generating large 
quantities of leaf drip as compared with bare soil (Noble and Morgan, 1983; Morgan, 
1985). Njoku (1985) claimed that splash erosion increased with percentage canopy 
cover when a high intensity simulated rainfall was applied, although with moderate 
intensities, variable response was obtained. 
I.AREVALO-MENDEZ 2.11 
Hudson (1995) compared the potential kinetic energy of rainfall and runoff and 
concluded that rain has 256 times more kinetic energy. However, soil erosion and 
volume of runoff are closely interrelated (Kiepe, 1995). Indeed, conservation 
measures are usually directed towards reducing the total volume of runoff in the belief 
that this will result in reduced erosion (Singer et al., 1981; Roose 1997). Adding 
residues or increasing soil surface cover (e.g. associating the main crop with a cover 
crop) can reduce the amount of runoff and induce deposition of sediments, thus 
reducing the rate of soil loss (Aarstad and Miller, 1981; Nill and Nill, 1993: El-
Swaify, 1997). Separating the effects of rain splash and runoff has been one of the 
long-running difficulties of soil erosion research. 
However, soil erosion might occur not only because of apparently poor vegetative 
cover but also because of inadequate crop management and the cultivation of erodible 
and overworked soils (Elwell and Stockmg, 1982; King et al., 1995). In this context, 
should be noted that one of the most important geomorphic processes on hil1slopes 
under cultivation is the recurrent loosening of the soil by tillage (Revel and Guiresse, 
1995a&b; Govers et al., 1996). 
2.2.1 Erosivity of rain 
Many have studied the erosive effect of rain and several indices have been proposed 
to predict potential soil losses. In early studies, it was understood that an interaction 
existed between the erosivity of rainfall and the size, velocity and shape of raindrops, 
as well as with length of rainstorm (Ellison, 1944; Free, 1960). 
Ellison (1944) noted that soil was transported downhill as an effect of the splash 
caused by raindrops striking the surface in addition to the effect of transport by 
flowing surface water. The splash effect is related to the mass and terminal velocity of 
raindrops, which create a momentum that exerts pressure on the soil surface (Ellison, 
1944; Free 1960). The product of mass and the terminal velocity of the droplets gives 
a measure of the storm rainfall kinetic energy (La!, 1988a). According to Gunn and 
Kinzer (1949), the terminal velocity of raindrops, for the largest diameters of about 6 
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mm, reaches a maximum of 9 to 10 m S-I. In addition, results presented by Carter et 
al. (1~74) showed that highest kinetic energy values were attained at intensities of 
around 75 mm h·1 (Figure 2.1). 
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Figure 2.1. Raindrop size distribution and rainfall intensity (after Carter et al., 
1974) 
Al-Durrah and Bradford (1982a&b) described the mechanism involved in detachment 
of soil particles by raindrop splash, and proposed a simple relationship to predict soil 
detachment due to single raindrop impact as: 
Equation 2. 1 
where D is the amount of soil detached (mg), KE is the raindrop kinetic energy (1), tr 
is the soil shear strength (kPa) and a and b are constants. Overland runoff may have a 
transient buffering effect on raindrops -water-mulching- thus reducing the splash and 
transport of soil particles (Kinell, 1993). Such a buffering effect is affected by the 
depth of flow and is inversely related to the diameter of raindrops. The water-
mulching effect is evident when the flow is deeper than half of the raindrop diameter 
(Sutherland et al., 1996). 
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Kinetic energy of individual stonns was reported by Wischmeier (1959) to be the 
factor most closely related to measured soil losses based on more than 8 000 plot-year 
records. In different parts of the world. assessments of rainfall erosivity have been 
based generally upon estimations of the kinetic energy of storms following a similar 
approach to that carried out by Wischmeier and Smith (1958). Models proposed by 
Elwell and Stocking (1973). Lal (1988). McGregor and Mutchler (1976). Kinell 
(1981). Zanchi and Torri (1981. quoted in Hudson. 1995). Brown and Foster (1987) 
and Hudson (1995). are presented in Table 2.1. 
One of the commonly quoted index tested for tropical conditions is that proposed by 
Hudson (1971). He found that. in Southern Africa. only storms with intensity higher 
than 25.4 mm h·t had enough energy to cause splash erosion on sands under natural 
rain. His KE25 index is obtained by: 
KE25 = 29.8 - (127.5 * J.l) Equation 2. 2 
where: KE25 is the kinetic energy of individual storms. J m'z mm"; I is the rain 
intensity. mm" for I ~ 25.4 mm h". Hudson (1995) presented a simplified form. as 
shown in Table 2.1. 
As an alternative. the Pho was presented by Nill (1993) who claimed a significant 
correlation between soil loss and runoff from field experiments exposed to natural 
rain. The Pho (mmz h") index is a product of individual storm precipitation P and its 
corresponding maximum 30 min intensity. ho. 
Kinell (1997) has recently proposed the use of the IxEa index as an alternative to the 
Eho index to be used in a modified version of the USLE (MUSLE). He claimed that 
the new index is supenor to Eho as it accounts for the processes of detachment and 
transport as well as providing an opportunity to consider the effects of hydrology 
mdre directly within the USLE environment. The IxEa index is obtained as the product 
of the excess rainfall rate (Ix) and the rate of expenditure of rain kinetic energy (Ea) •• 
Furthermore. Kinell (1997) proposes that the whole set of recommended factors 
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associated with the USLE and in particular the erodlbility factor K. be modified to 
account for the inclusion of the Rainfall-Runoff factor. 
Table 2.1. Some models for estimating kinetic energy of rainfall. 
Author 
Wischmeier and Smith. (1958)t 
Hudson (1965)· 
McGregor and Mutchler (1976)ll 
Lal (1988). 
Kinell (1981) 
Kineil (1994) 
Zanchi and Torri (1981)* 
Brown and Foster (1987) 
Hudson (1995) 
Formulae 
E = 11.9+ 8.73 log I 
E = 29.82 - (127.51 I') 
E=O.273+O.2168 exp"""" - 0.4126 exp.o.lJ72 
E = 24.5 P +27.6 
E = 18.2 I,. +18.2 
E = 29.22 (1 - 0.894 exp.oOO477/) 
EA = 29.0 I (1- 0.596 exp.o_/) 
E=9.81 + 11.25 log I 
E = 0.29 (1-0.72 exp.o.os,) 
(KE,,) E = 30 - (125 r') 
t In SI mllts in La! (1988); ... metric conversion of original formula as presented ID ElweU and Stocking 
(1973); * ID Hudson (1995); All Eunits ID J mm m·l and I units in mm h·', exceptJ:l ID MJ mm mol; 1 
ID mm hO" but only where i > 25 mm hO' and where values are greater than 75 m ho'are taken as 75 mhO 
, .Pmmm. 
2.2.1.1 Storm pattern 
Wischmeier (1959) claimed that the computation of storm rainfall energy as one 
component of the rainfall erosivity index requires the definition and categorisation of 
an individual storm. Depending upon the occurrence of the period of greatest 
intensity, Wischmeier (1959) classified storms as "advanced", "intermediate" and 
"delayed". Wilkinson (1975, in Nill, 1993) reported that, in Nigeria, more than half of 
rainstorm had peak intensities during the first five minutes of rainfall Gupta et al. 
(1982) used the classification of rainstorms as a function of storm-pattern in 
hydrological studies of small watersheds adding a fourth class - "intermittent". 
The classification is based on the fact that rainfall rate varies with tiDle (Figure 2.2). 
An iDlplication behind the pattern classification is that the change in rate of delivery 
I.AREVALO-MENDEZ 2.15 
can affect the rate of runoff as different wetting and infiltration patterns occur (Gupta 
et al., 1982). It is argued that initial wetting by low intensity rain can contribute to 
higher rates of runoff and soil losses if intensities rise dramatically later in the storm 
(Binger et al., 1992).Rudolph et al. (1997) reported that microrelief stability (hence, 
aggregate stability) was more affected by intermittent rainfall as compared to 
simulated rain applied continuously. 
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Figure 2.2. Stonn pattern categories (after Gupta et al., 1982). 
The storm pattern classification used in this study comprises four broad categories: a) 
time advanced defmed as a rainfall delivered within a short time after it starts; b) time 
intermediate where the peak, if any, of the rain is located at a mid point between the 
beginning and the end of the rain; c) time delayed where the bulk of the rain falls 
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towards the end of the event; and d) time intermittent when the rain stops for a length 
of time and re-starts within a time small enough to be considered part of the same 
event. In this study, storms showing two ''peaks'' and separated by less than 6 hours 
were considered as a single event and, thus, classified as intermittent. Wischmeier 
(1959) established that "the best correlations of soil loss amounts and El were 
obtained when rains separated by less than 6 hours were treated as a single storm" 
which accounted for "changes in infiltration rate after cessation of rain". McGregor et 
al. (1995) defmed a storm as "a precipitation without continuous break: of 6 h with 
less than 0.25 mm of precipitation". 
2.2.2 Runoff on hillsides 
The major controlling factors of water movement on hillslopes are intrinsic to the 
soil-landscape system and determined by soil and vegetation properties (resistance to 
flow), as well as topographic characteristics. slope form and angle (Emmett, 1970; 
Morgan, 1978). These factors control the hydraulic characteristics of overland flow. 
From the most recent literature, overland flow, either as rill or interriII flow, is 
controlled by hydraulic factors such as the rate of infiltration of water into the soil 
profile, and the velocity and depth of flow (Abrahams and Parsons, 1990; Parsons et 
al., 1990; Profitt et al., 1993; Abrahams et al .• 1996). 
Among the numerous attempts to model overland flow, the work carried out by 
Horton (1970) and Emmett (1970) is commonly quoted. Horton (1970) claimed that, 
on hillslopes, overland flow moved as sheet-flow with predictable hydraulics, and 
proposed a set of equations to describe it. Emmett (1970) studied hydraulic 
relationships on hillsides under natural and simulated rainfall. He was successful in 
showing that overland flow did not occur as a uniform sheet of water and that the 
majority of the downslope runoff occurred in lateral concentrations of flow. 
Abrahams et al. (1994) and Parsons et al. (1996) were able to show that patterns of 
overland flow on hiIIslopes are affected by vegetation. 
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2.2.2.1 Infiltration 
There is a maximum limiting rate, the infiltration capacity, at which the soil in a given 
condition can absorb rain. The infiltration capacity is affected by a number of factors 
which include: soil texture, soil stmcture, vegetational cover, biological structures in 
the soil, the moisture content of the soil, and condition of the soil surface (Horton, 
1970). Of these factors, only the soil texture remains unaltered while the rest suffer a 
dynamical change through a growing season, and thus, have a varying affect on the 
infiltration capacity. 
One of the earliest attempt to describe soil water infiltration was the work carried out 
by Green and Ampt (1911). Hule1 (1980) presented Green and Ampt's equation as: 
. . br' 
, ='c+ Equation 2. 3 
where i is the infiltrability as a volume flux, ic is the constant infiltration rate, I is the 
cumulative volume of water infiltrated in time t per unit area of soil surface. Modified 
versions of Green and Ampt's infiltration equation has been presented by several 
authors. Kim and Chung (1994) presented as an infiltration rate equation: 
! (t)=_dF =k (l+-""SO""::V *::-M_) dt ., F Equation 2. 4 
where:! is infiltration rate (cm h-I ), kav is the average hydraulic conductivity in the 
wetted zone (cm h- I ), Sav is the average capillary pressure head at the wetting front 
(cm), M is initial moisture deficit (cm3 cm-3), F is cumulative infiltration (cm) and t is 
time (h). 
In studies of the relation between hydraulic conductivity and soil water potential, the 
form of Green and Ampt equation presented by Kunze and Shayya (1993) was: 
(Kw t)/119 = Lr-{Ho- Hr) log {I +(LtI( Ho- Hr)]} Equation 2. 5 
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where Kw is the saturated hydraulic conductivity, t is time, A9 is the change in 
moisture content before and after wetting, Lt is the distance to the wetting front from 
the soil surface; Ho is the pressure head at the soil surface, Hr is the average negative 
pressure of the wetting front. 
It is considered here that an appropriate method for estimating infiltration on runoff 
experiments is the method proposed by Abrahams et al. (1995). In runoff studies of 
grassland and shrubland, they estimated infiltration rates using a simplified version of 
the Green and Ampt equation: 
i=A+B/t Equation 2. 6 
where i is the infiltration rate (mm min· I ), and t is time; A and B are coefficients. A is 
equal to the final infiltration rate; and B varies with the time to the commencement of 
runoff and/or the time to equilibrium runoff. Abrahams et al. (1995) calculated the 
infiltration rate by subtracting the runoff rate from the rainfall rate as applied by rain 
simulator. 
Stone et al. (1992) used the Green and Ampt equation for computing infiltration and a 
semi-analytical method of solving the kinematic wave model for computIng the 
overland flow hydro graph. This is called the Infiltration and Runoff Simulator (IRS) 
and forms part of the USDA Water Erosion Prediction Project (WEPP). 
Horton (1970) proposed an equation to establish a relation between infiltration 
capacity and duration of rain: 
1=le + if. + le) i' Equation 2. 7 
where k is a is a proportionality factor, e is the base of Napierian logarithms, /. is the 
initial infiltration rate (cm h·I ), and !c is the constant infiltration rate (cm h·I ), and t is 
time in hours. Carson and Kirkby (1972) suggested that Horton's equation is 
incapable of estimating infiltration over short intervals of time. As an alternative, 
Carson and Kirkby (1972) preferred Philip's simple model of infiltration: 
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Equation 2. 8 
F=At+2Bl·S Equation 2. 9 
where f is the infiltration rate (cm h-\ and F is the total amount infiltrated (cm) after 
time t (h), A is a constant close to the hydraulic conductivity value at the surface for 
t>>O; and B is a sorptivity value determined by the rate of penetration of the wetting 
front. 
Infiltration capacity, and especially initial infiltration, can be reduced by sealing and 
crusting of the soil surface (Fattah and Upadhyaya, 1996). Surface sealing can occur 
as a result of compaction and breakdown of aggregates by the impact of raindrops and 
splash, which provide colloidal material that interlocks with the surface particles 
(ZObeck and Popham, 1992). The development of a surface crust varies temporally 
and depends upon intrinsic soil properties as well as climatic conditions and the 
timing of agricultural operations which induce both topsoil loosening and soil 
compaction (Auzet et al., 1995). 
2.2.2.2 Velocity and depth of flow 
The flux of overland flow depends on the interplay of flow depth (as a result of the 
difference between rainfall and infiltration), slope gradient, and roughness (Emmett, 
1970; Parsons et aI., 1996). The spatial patterns of flow on a slope will depend on the 
microtopography of the surface, which in turn will be affected by the textural and 
structural properties of the soil, the roughness of vegetation, previous erosional forms 
and the presence or absence of stones or superficial obstacles (Abrahams and Parsons, 
1991; Abrahams et al., 1994). 
Velocity of flow V is dependent upon the hydraulic geometry and is proportional to 
the Reynolds number, R: Va Rm. Reynolds number is related to the discharge by: 
R=(4VD)1v Equation 2. 10 
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where D is the average depth (cm), and v is the kinematic viscosity (cm2 S·l) (Emmett, 
1970). The friction factor,f!, may be characterised by the Darcy-Weisbach equation: 
Equation 2. 11 
ft=(8gSD)V·2 Equation 2. 12 
where g is the acceleration due to gravity( cm S·2), S is the ground slope energy 
gradient approximated by the ground slope; q is flow discharge (cm3 S·l); D is the 
mean depth flow (cm), andf! is valid for turbulent and laminar flow. 
Gilley and Kotwitz (1994) developed values of Darcy-Weisbach roughness 
coefficients for corn, cotton, sorghum soybean, sunflower, and wheat vegetation. 
They found that different population and spacing of plants, yield different relations 
between Reynolds number and the Darcy-Weisbach roughness factor. 
Velocity might also be obtained by the Chezy's formula for uniform flow (Emmett, 
1970): 
V=C(DS)O.5 Equation 2. 13 
where C is a factor of flow resistance called Chezy's C, which, in terms of the Darcy-
Weisbach friction factor (equation 2.11), is given by: 
C = (8g!jj)0.5 Equation 2.14 
The velocity of turbulent hydraulic flow can also be obtained by the Manning 
formula: 
Equation 2. 15 
where V is the mean velocity, n is Manning's roughness factor, D is the mean flow 
depth. Manning's roughness factor, n, is solved in terms of Chezy' s C by: 
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Equation 2. 16 
The selection of a method for describing hydraulic characteristics depends largely on 
the type of data available. In this study, dynamic measurements of runoff and rainfall 
were carried OuL This facilitates an estimate of velocity and depth of flow by means 
ofChezy's and Darcy-Weisbach's equations. 
2.3 Models for predicting soil erosion 
Although the kinetic energy of storms has been regarded as the principal erosive 
agent, factors such as steepness and length of slope, crop management and 
conservation measures are also important factors in influencing the rate at which a 
soil can be eroded (Smith and Whitt, 1947-1948, in Mitchell and Bubenzer, 1980). 
Among the most important factors are: i) intrinsic soil characteristics which defme the 
strength of a soil, as well as soil topography and aspect (Box, 1981; La!, 1988b); and 
ii) choice of crop and soil management (Aarstad and Miller, 1981; Singer et al., 1981; 
Dabney et aI., 1993; Auzet et aL, 1995; Revel and Guiresse, 1995); iii) soil moisture 
balance in relation to erosion and land slide risks (Pla-Sentfs, 1997). Most of these 
factors have been integrated in proposed models. 
Probably the most commonly known and most used model is the Universal Soil Loss 
Equation (USLE). The development of the USLE dates back to 1940 as documented 
by the USDA (1966) and it is an attempt to integrate in one equation all known 
variables affecting the erosion of soils. After being tested in several parts of the world, 
it is now understood that it is not as universal as was originally claimed (Nortcliff, 
1986). It has proved to be difficult to apply under different climates and soil 
characteristics other than those of the USA, and in particular in tropical climates and a 
number of modifications have been proposed (Hudson, 1995). 
A number of other models have been produced and are presented in Table 2.2. 
---- --------------------------------------------------------------------------
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Table 2.2. Some models for estimating soil losses. 
Author Model 
Smith and Whitt (1949)t 
Wischmeier and Smith (1958) 
Elwell and Stocking (1982) 
Knisel (1980) 
Morgan et al. (1984) 
Foster and Lane (1987) • 
Leonard et aL (1987):j: 
Morgan et al.(1992&3) 
A =CSLKP 
A= average annuals sod loss 
C= average annual sod toss from plots 
S, 1.. K, and P are muluphers to adjust the plot 
sod loss C for slope steepness,length. sod 
grouP. and supportIng conservation practices 
A=RKLSPC 
Z=KCX 
Z = predicted mean annual sod loss, t ha 1 
K= exp[(O 468 1+0.7663F) InE + 2 884 
where' F = SOil erodlblhty mdex and E= 
seasonal ramfall energy, J mol 
C= exp(·O 06.) 
X= L U (0 76 +0 S3 S +0 076 S,)12S 6S 
CREAMS 
Chemicals, Runoff and Erosion from 
Agncultural Management Systems 
Predictive model for 
assessment of soil erosion risk 
WEPP 
Water erOSion Prediction PrOject 
GLEAMS 
Groundwater Loadmg Effects of Agncultural 
Management 
EUROSEM 
European Soil EroSIOn Model 
2.22 
Remarks 
Missouri, USA 
USA;USLE 
Zimbabwe; field 
size 
USA; watershed 
Mrica, Asia, 
Europe 
USA; field size, 
watershed 
USA; watershed 
Europe, field and 
small catchment 
t Quoted in Mltchell and Buhenzer (1980) • Quoted in Ghidey and Alberts (1996), * Quoted in Reyes 
et aL (1996). 
Models for estimating soil erosion have been based on equations that solve particular 
aspects of the processes involved. Each attempts to describe one or more of the 
following: water infiltration; microrelief roughness; dynamic changes in soil 
moisture; detachment of soil particles by either rainsplash or flow entraintment; 
production of overland flow from rill or interrill areas; transport of soil particles under 
steady or unsteady flow; and the effect of vegetation through canopy and roots. 
The following sections cover a general description of some models currently in use. 
However, the application of the models is beyond the objectives of this study. The 
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description of models is intended as an attempt to provide broad understanding of the 
different factors that have variable and various significance for soil erosion. 
2.3.1 USLE 
The factors integrated into the USLE (Universal Soil Loss Equation) are: A, the 
average annual soil loss (Mg ha'l a'I); R, the rainfall erosivity factor, (MJ mm ha'l a'l 
h'I); K, the soil erodlbility factor, (Mg ha h ha'l Mfl mm'I); !.S, the length and 
steepness factor (dimensionless); C, the cropping and management factor 
(dimensionless); and P, the supporting conservation practice factor (dimensionless) 
(Mutchler et al., 1988). 
A=RKLSCP Equation 2.17 
Hession et at. (1996) discussed the importance of including uncertainty analysis in 
modelling activities as an indication of intellectual honesty. They defmed two major 
types of uncertainty: knowledge uncertainty, and stochastic variability. For example, 
the factor R was defmed as having stochastic variability. This implies that the 
variability of R "is due to random variability of the natural environment and is a 
property of the natural system". A stochastic uncertainty can be attributed to temporal 
and spatial variability. Stochastic variability differs from knowledge uncertainty in 
that the latter is due to incomplete understanding or inadequate measurement of 
system properties (the K and C factors from the USLE equation fall in this type). 
Knowledge uncertainty is a property of the analyst and the data available. This type of 
analysis illustrates the complexity encountered when studying/modelling natural 
systems. 
2.3.1.1 The rainfall erosivity factor: R 
On an annual basis, the El (or Eho) factor becomes the R factor that is incorporated 
into the Universal Soil Loss Equation (USLE; USDA, 1966). This was probably the 
most important factor in USLE. The USDA (1966) pointed out: "In 1958, two ARS 
scientists ... developed a method of computing the energy of rainfall and correlated 
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this characteristic with erosion from cultivated fallow". Even so, the kinetic energy of 
rainfall per se did not entirely explain the amount of soil loss. Indeed, Wischmeier 
and Smith (1958) found that measured soil losses were best explained by the product 
of the kinetic energy of a rainstorm and the maximum 30 min intensity, the R factor: 
Equation 2. 18 
where R is the (mean for long term records) annual erosivity index, N h-I (Eho in kJ 
mm m-2 h -\ 130 is the maximum storm intensity in 30 min of storm j, mm h-I; m is 
the number of erosive storms per year; and E the kinetic energy of storm j, kJ m-2, 
computed from the equation: 
E = 11.9 + 8.73 log I Equation 2. 19 
where I is the rain intensity, mm h-I and E in J m-2• Total E for individual time 
intervals is computed by multiplying the result from equation 19 by the corresponding 
values of rainfall, P in that particular interval. A restriction when computing the 
erosivity index, El]o, is to use only rainstorms bigger than 13 mm, unless storms of 
less than 13 mm are delivered with an intensity of at least 25 mm h-I (Wischmeier and 
Smith, 1958). 
Although the R index per se has been considered a relatively reliable tool in defming 
the erosivity of storms, it is acknowledged that its applicability is rather hmited when 
predIcting soil losses in environments different from those where the model originated 
(Wischmeier, 1976; Lal, 1988a). It has been claimed that the R index overestimates 
the significance of large storms (Foster et al., 1982) and disregards the importance of 
small sized storms which can have a significant impact on antecedent soil moisture 
and thereby increasmg potential runoff from following storms (Binger et al., 1992). 
Hudson (1971&1995) claimed that two major problems exist when using the R index 
to predict soil losses; these are: iJ "(Although there is a high degree of correlatIOn 
over the long term) El values for one year can range from 50% to 200% of the long 
term average"; and iiJ " ••• attempts to apply the original index to tropical rainfall led 
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to some excessively high estimates". Thus revised versions established limits for 
rainfall intensities and these have been substituted in versions of the original equation 
in order to avoid overestimations of the effect of large storms (Wischmeier, 1976). 
These limits are as follows: where I > 0.05 but I < 76.2 mm h·1 then I is as 
measured; where I >76.2 mm h·1 then I is set at 76.2 mm h·l • Similarly, where ho > 0 
but ho S; 63.5 mm h·1 then 130 is as measured, and where ho > 63.5 mm h·1 then ho is 
set at 63.5 mm h·l . 
The reason for restricting the values of I and ho is that raindrops size, and hence 
kinetic energy, does not increase beyond the 50 to 100 mm h·1 intensities (Evans, 
1980). Besides, the R mdex has not always been as significantly correlated with the 
rate of runoff as other factors such as crop cover and soil characteristics affecting the 
response of a soil to rains (Stocking, 1988). 
Indeed, even for part of the USA, McGregor et al. (1995) found that R values 
computed from 29 standard recording rain gauges in northern Mississippi were 
significantly higher than those suggested as maximal by the USDA based on the 
revised version of the equation originally proposed by Wischmeier and Smith (1958). 
2.3.1.2 The soil erodibility factor: K 
The soil erodibility factor was defmed as the soil erosion rate per erosion index unit 
for a specified soil loss as measured on a unit plot (Wischmeier et al.. 1971; 
Wischrneier and Smith, 1978). K is also defmed as a quantitative description of the 
inherent erodibility of a particular soil (Mitchel and Bubzer, 1980). Wischmeier et al .• 
(1971) recommended the use of the Nomograph shown in Figure 2.3 for estimating K 
values when soil texture, organic matter content, soil structure and soil permeability 
are known. 
The erodibility factor K can be computed from known measures of soil loss and at 
corresponding computed rainfall erosivity values, given that all other factors in the 
USLE equation remain constant (Mutchler et al., 1988), thus: 
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Ki=AdEI, Equation 2. 20 
where K, is the erodibiIity coefficient for the rainstonn event i, A, is the measured soil 
loss for that event and E, is the rainfall erosivity computed for such event i. 
However, Mutchler et al. (1988) argued that K is not entirely a measure of the 
inherent erodibiIity of soil and proposed that K be computed from: 
K=(SL- a) Erl Equation 2. 21 
where SL is measured stonn soil loss; El is the stonn parameter of energy; and a is a 
constant that represents primarily the effect of soil water content and temperature at 
the beginning of rainfall. In addition, it is also considered important to account for 
seasonal vanations on the rate of soil loss (Meyer and Harmon, 1992). 
Figure 2.3. Nomograph for determining the soil erodibility factor K (Wischmeier 
et al., 1971). 
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2.3.1.3 The slope length and gradient factor: LS 
The slope length, L, and slope gradient, S, factors are usually evaluated as a single 
topographic factor. The slope length factor was developed using a standard plot length 
of22.13 m, and therefore the slope length factor was defined as: 
Equation 2. 22 
where x is slope length, m, and m an exponent set at as m = 0.5 if slope <!: 5%. The 
slope gradient-factor is obtained from: 
S = 0.43+ 030s+ 0043s2 
6.613 
Equation 2. 23 
where S is the slope gradient factor, dimensionless, and s is slope gradient in percent. 
These recommendations are simplified on the slope effect chart shown in Figure 2.4. 
However, McCool et al. (1993) proposed changing the equations for computing the 
LS factor for steep slopes in North USA Their proposed equations are: 
LS = (Af22.13)0.s (10.8 sin 9 +0.03) for s < 9% Equation 2. 24 
LS = (Af22.13)0.s (10.8 sin 9/5.143°)°6 for s ~ 9% Equation 2. 25 
where A is the horizontal slope length, m, e is the slope angle in degrees, and s is the 
slope in percent. Those equations are intended to differentiate soil losses caused either 
by rill or interrill erosion. At low slope, equation 2.24 applies for little soil loss would 
occur from rills; but as rills start to occur at steeper slopes and, hence accelerated 
erosion. equation 2.25 applies (Meyer and Harmon. 1985; EI-Swaify, 1997). 
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Figure 2.4. Slope length and gradient factor, LS, for use with the USLE. 
2.3.1.4 The Cropping Management factor: C 
The cropping management factor. C. represents the ratio of soil loss from a specific 
cropping or cover condition to that from a tilled, continuous fallow condition for the 
same soil and slope and for the same rainfall. Values for C for different crops and 
management were prepared by Wischmeier and Smith (1978) in the form of tables. 
Similarly, Figueroa et al., (1991) prepared tables for different crops and management 
practices in Mexico. Calculations of the C factor are usually carried out for specific 
stages of crop development given the fact that the surface cover increases as the 
season progresses (Mitchell and Bubenzer, 1980). Soil conservation practices such as 
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no-tillage or reduced tillage generally account for reduced soil erosion (McGregor and 
Mutchler. 1992) thus. C values are reduced accordingly. 
2.3.1.5 The protection factor: P 
The protection factor. p. is the ratio of soil loss using a specific support erosion 
control practice (e.g. contouring. strip-cropping. terracing) to that of soil loss using 
up-and-down hill culture. 
2.3.1.6 Modifications to the USLE 
Several modifications have been made to the original factors as presented by 
Wischmeier and Smith (1958). Most important modifications have been made on the 
R factor as an attempt to account for different environmental scenarios (Mitchell and 
Bubenzer. 1980; Hudson. 1995). One example of this is the introduction of limits to 
the figures used for I and ho (section 2.3.1.1) in order to restrict overcalculations for 
high intensity storms (Lal. 1988a). 
In some cases the USLE has been adapted for specific studies as documented by 
Mitchell and Bubenzer (1980). Such is the case reported by Renard et al. (1974) who 
used the equation in estimations of sediment yields from small watersheds. by adding 
a factor that account for erosion on channels. Ec: 
A= (RKLSCP)Ec Equation 2. 26 
where Ec (in SI units as the other components in equation) is similar to the sediment 
delivery ration used to predict sediment yield at an outlet. 
Runoff was introduced as a modifier of the USLE by Onstad et al. (1976).The 
equation they presented introduced a hydrologic coefficient. W. that accounts for the 
relative contribution of both the rain erosivity factor as well as total and peak values 
of runoff. Their proposed equation is 
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A= W(KLSCP) Equation 2. 27 
where the W factor is obtained by: 
W = a Rs/ + (1- a) 0.40 Q q, Equation 2. 28 
where Rat is the storm erosivity factor (Eho); a is a coefficient (0 ~ a ~ 1) that 
represents the relative importance of rainfall energy in comparison to runoff energy 
for detaching soil; Q is runoff, mm, and qp is peak runoff in mm h·l . 
Recently, Kinell (1997) proposed to use a modified form of the R factor in order to 
account for runoff. He proposed to modify the R factor by multiplying the computed 
product between kinetic energy and intensity (Eho) from a rainfall event (Pe) by its 
corresponding runoff coefficient (Qr): 
Equation 2. 29 
where Qr is equal to Q.lPe. In addition, he argued soil loss for a rainfall event (Ae), be 
calculate using the following equation: 
A.= Q.cb. Equation 2. 30 
where Q. is the runoff for an event, and cb. is the bulk sediment concentration for 
such an event. 
2.3.2 Zimbabwe Z model 
The model of Elwell and Stocking (1982) takes into account the four physical 
elements of the soil erosion environment: climate, soil, crop and topography. Those 
physical elements, as identified in the Zimbabwe programme, are described by five 
control variables: seasonal rainfall energy (E); the amount of rainfall energy 
intercepted by the crop (i); soil erodibility (F); slope length (L); and slope percent (S). 
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Elwell and Stocking (1982) accepted a criticism in their model ''that accuracy is lost 
in the initial simplifying process" but justified its use by arguing that "... many 
countries are facing rapid soil degradation on a massive scale. A system which gives 
early answers - even if they are merely 'best estimates'- is likely to fmd ready 
acceptability, particularly if it has the potential ultimately to achieve an acceptable 
degree of accuracy". 
2.3.3 A model for the assessment of soil erosion risk 
Morgan et al. (1984) have developed a model for predicting annual soil loss from 
field-sized areas on hillslopes. The model comprises a water phase and a sediment 
phase. According to Morgan et al. (1984) in the water phase, annual rainfall (Rm) is 
used to determine the energy of the rainfall used for splash detachment and the 
volume of runoff. Rainfall energy (E) is modelled empirically by extendmg the 
relationship between energy and intensity (l) developed by Wischmeier and Smith 
(1978) to an annual value using the annual rainfall and an estimate of the typical 
hourly intensity of erosive storm. Runoff volume(Q) is predicted from equation 32 (as 
given by Carson and Kirkby; 1972), which assumes that runoff occurs whenever the 
daily rainfall exceeds a critical value (Rc), which represents the moisture storage 
capacity of the soil crop complex, and that the daily rainfall amounts approximate an 
exponential frequency distribution: 
E = Rm (11.9+8.7 log l) Equation 2. 31 
Q = Rm exp<-RclRo) Equation 2_ 32 
where E is the kinetic energy of rainfall (J m -2), Rm is annual rainfall, and I is a typical 
value of intensity of erosive rain (mm h-I ). In equation 2.32, Q is the volume of 
overland flow (mm), Rm as above, Rc = lOOOMJOr (ElEo/.5 and Ro=R*R.-l; where M 
soil moisture storage at field capacity, ris the bulk density of soil; Dr topsoil rooting 
depth, ratio of actual (Et) to potential (Eo) evapotranspiration of the crop cover. 
------ -----------------------------------
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The sediment phase is divided into two components: splash detachment, F (equation 
2.33) and runoff transport, G (equation 2.34). Splash detachment is modelled using a 
power relationship with rainfall energy (Meyer, 1981a) which Morgan et al. (1984) 
modified to allow for the rainfall interception effect of the crop. They also assumed 
that rainfall energy at the ground surface decreases exponentially with increasing 
interception. The transport capacity of overland flow depends upon the volume of 
overland flow, the slope steepness and the effect of the crop cover (equation 2.34). 
Equation 2. 33 
G = C Q 4(sinS) *10.3 Equation 2. 34 
where F is the rate of splash detachment (kg m·2), P is percentage rainfaIl contributing 
to net interception and stem flow, K is the soil detachability index (g r\ a=0.05 and 
b= 1.0. G is the transport capacity of overland flow (mm); C crop cover management 
factor (Combined C and P factors in USLE); Q as above; S steepness of ground slope 
expressed as the slope angle, deg; and d =2.0. 
Morgan et aL (1984) validated their model against measured data obtained from 
countries in Africa (Tanzania, Zimbabwe and Ivory Coast), Asia (Thailand, Malaysia 
and China), and Europe (Belgium and U.K.) under a set of different crops and 
management practices. The authors claimed that the model predicted annual soil 
losses from hillsides and gave realistic predictions over a range of conditions. 
2.3.4 GLEAMS model 
GLEAMS is a model that considers the ground water loading effects of agricultural 
management systems and was described by Leonard et aL (1987, quoted in Reyes et 
al. 1995). The modified versions GLEAMS-Wf and GLEAMS-SWAT are intended 
to account for shallow water table fluctuations and for subsurface drainage and water 
table, respectively. As explained by Reyes et aL (1995), GLEAMS represents erosion 
as detachment and transport processes. Detachment is calculated as riIl (D,) and 
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interrill detachment rates (D,). Interrill detachment rate is estimated from (Foster et 
al., 1980): 
Dj = 0.210 EiJo (si + 0.014)K. CP (qIQ) Equation 2. 35 
where EIJo is the product of storm kinetIc energy with its highest 30-min intensity; si 
is the sine of the slope angle; qp is the peak runoff rate; Q is the runoff volume; K, is 
sOll erodibility; P is soil loss ratio; and C is the contouring factor. Rill detachment 
(Dr) is calculated from (Foster et al., 1980): 
Equation 2. 36 
where m is slope length exponent, x is slope length, and the other variables are as 
defmed above. The sediment transport capacity is defined by Reyes et af. (1995) as 
the "maximum hmit by which a characteristic flow, on a given geometric channel or 
plane, can carry detached sediments without depositmg them. It is expressed as a 
sediment mass per unit flow width per time". The transport capacIty in GLEAMS is 
represented by: 
Te = Ps Sg pwgd V* 
And the companion set of equations: 
Ps = 0.635 O[I-(ln (1+0»/0] 
/) = (YIYer)-1 
(if y~y er then /)=0) 
Y = V*%/[(Sg-l) gd] 
Equation 2. 37 
Equation 2. 38 
Equation 2. 39 
Equation 2. 40 
Equation 2. 41 
Equation 2. 42 
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Equation 2. 43 
Equation 2. 44 
where Tc is transport capacity; pw is the mass density of fluid; Yer is the critical lift 
force; V* is the shear velocity; Sg is the particle specific gravity; d is the diameter of 
the soil particle; g is acceleration due to gravity; '1:. is the shear stress acting on the 
soil; 'Y is the weight density of water; y flow depth for bare soil; nbov and neev are 
Manning's n for bare soil and for rough surfaces or soil covered by mulch or 
vegetation; and qw is the flow per unit width (N.B. no units were reported by Reyes et 
al., 1995). 
Reyes et al. (1995) compared predicted values of soil erosion obtained using the 
GLEAMS model and its two variations GLEAMS-WT and GLEAMS-SWAT. 
According to the report presented by Reyes et al. (1995) the hydrology components of 
GLEAMS-WT and GLEAMS-SWAT predicted surface runoff more accurately than 
the original GLEAMS, but all three models seriously unpredicted total soil losses over 
a seven-year period. The authors suggested multiplying the flow depth, y, times a 2.4 
calibration factor after considering that actual flow depths may be greater than 
predicted concentrated flow. 
2.3.5 WEPP model 
The Water Erosion Prediction Project (WEPP) model was initiated ''to develop a new 
generation prediction technology to serve as an improved tool for soil and water 
conservation planning and assessment". A detailed description of all components of 
the WEPP model was presented by Flanagan and Nearing (1995). According to Zhang 
et al. (1996), in WEPP, the infiltration rate (f, mm h·1) is calculated using a modified 
Green and Ampt (1911) equation for unsteady rainfall by: 
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f= K. (l+N,/F) Equation 2. 45 
where K. is the effective hydraulic conductivity (mm a,); F is the cumulative 
infiltration depth (mm), N, is the effective matric potential (mm) computed by: 
Equation 2. 46 
where '11. is the porosity capacity (cm3 cm·3); 9. is the initial soil moisture content; 'I' is 
the average wetting front capillary potentiaL As described by Zhang et al. (1996), in 
WEPP. similar to the GLEAMS model, soil erosion is separated into interrill and rill 
erosion processes. InterriIl detachment rate per unit internll area (D" kg s" m·2) is 
dermed as the process of soil detachment by raindrops and transported in thin flow 
(Foster et al .• 1977); it is computed in the WEPP model by (Flanagan and Nearing. 
1995): 
Equation 2. 47 
where K. is the adjusted interriIl soil erodibility (kg s m""'); le is interrill runoff rate (m 
s"); I is rainfall intensity (m s"); Sr is the slope factor (BIIiot et aL. 1989); and SDR 
is the interrill sediment delivery ratio. 
Rill detachment rate (Dr. kg s·' m·2) is defined as the removal of soil from within 
small channels by the concentrated flow of water (Ghidey and Alberts. 1996) and it is 
computed by: 
Dr = Dc (l·Grrc) Equation 2. 48 
where G is the sediment load; Te is the sediment transport capacity (kg s·' rn"); and 
De is rill detachment capacity (kg s" m'2) calculated from: 
Equation 2. 49 
where Kr is the base line rill erodibility (s rn"); 'tr is flow shear stress (Pa) and 'te is 
critical shear stress of soil (Pa). Perhaps the most important aspect of WEPP model is 
its capacity for adjusting the erodibiIity parameters of Kc. K. and 'te on a daily basis. 
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Besides, the adjustment factors are designed to account for canopy cover, 
incorporated residue, live and dead roots, surface roughness, and soil consolidation. 
Zhang et al. (1996) evaluated the applicability ofWEPP on individual hillslopes using 
data equivalent to 556 plot-years with 34 cropping scenarios at eight locations. The 
authors obtained an optimised coefficient ofKb (maximum hydraulic conductivity) for 
improved estimations of runoff and soil loss. Zhang et al. (1996) concluded that the 
model predicted runoff reasonably well on either an event, annual or average annual 
basis when using the optimised Kb. But the WEPP model tended to overpredict soil 
loss for small events or in the years with low erosion rates, while it underpredicted 
soil loss for large events or for the years with high erosion rates on both event and 
annual basis. 
In a separate evaluation of the WEPP model carried out by Ohidey and Alberts (1996) 
the interrill sediment delivery ratio, SDR, was omitted, when calculating the interrill 
detachment rate (D,) by: 
Equation 2. 50 
where all factors are as defmed as above, but the slope factor, Sf, is obtained from the 
exponential equation that uses the slope angle, e, as defmed by Liebenow et al. 
(1991): 
Sr = 1.05 -0.85 exp -4 ,In (9) Equation 2. 51 
According to result presented by Ohidey and Alberts (1996) the WEPP model 
overpredicted mean annual values of surface runoff, by 7.8 and 15.1%, as well as 
mean annual soil loss, by 22 and 87%, for continuous corn and continuous soybean, 
respectively. The authors mentioned that for all treatments evaluated, the WEPP 
model predicted runoff and soil loss reasonably weIl for the wet years with annual 
runoff >200 mm but greatly underpredicted for the dry years with annual runoff <100 
mm. This later situation concurs with results obtained by Zhang et al. (1996). 
Recently, Chrochan and Fianagan (1997) found that laboratory experiments measured 
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soil detachment similar to those predicted by using the WEPP component for rill 
detachment. 
2.3.6 EUROSEM model 
According to Morgan et al. (1992-3), EUROSEM (European Erosion Soil Model) 
aims to simulate three situations: (I) A single plane or element for predicting erosion 
from small fields; (2) Multiple planes or elements for predicting erosion along a 
slope; (3) Multiple planes and channels for predicting erosion from a small watershed. 
EUROSEM is a single event process-based model for "predicting soil erosion by 
water from fields and small catchments. It can also be used to assess the risk of 
erosion and to evaluate the effects of soil protection measures". All the different 
elements of EUROSEM are presented in the flow chart in Figure 2.5. 
The authors explained that the EUROSEM model "operates by takmg rainfall and 
then considering, in turn, the interception of the rain by the plant cover; the volume of 
rainfall reaching the ground as direct throughfall, leaf drainage and stemflow; the 
volume of surface depression storage; the volume of runoff; the detachment of soil 
particles by raindrop impact and by flow; the transport capacity of the flow; and the 
deposition of sediment." Morgan et al. (1993) claimed that an important characteristic 
of the EUROSEM is that the model "simulates the deposition of detached material 
even when transport capacity has not been reached." The model also computes the 
relative contnbution of rill and interrill erosion and the transport of sediment from 
interrill areas to rills. Another important feature of the model. is its ability to compute 
soil loss as a sediment discharge. This element is then defmed as the product of the 
sediment concentration in the flow and the volume of runoff. In this way, the model 
allows for estimations of volume of sediment passing a given point on the landscape 
over a given time. 
The computation is based on the dynamic mass balance equation of erosion (Bennett, 
1974; Kirkby, 1980; Woolhiser et aI, 1990): 
- - - -----------------
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a(~C) + a(~) e(x , t) = q,(x, t) Equation 2. S2 
in which A is the cross-sectional area of the flow, m2, C is sediment concentration, 
m3m·3, Q is flow discharge, m3 S·I, e is net detachment rate of rate of erosion of the 
bed per unit length of flow, m3 S·I m·l , x is the horizontal distance, m, t is time, and 
qs is the external input or extraction of sediment per unit length of flow, m3 S·I m·l • 
Furthermore, Morgan et al. (1993) explained that the equations are linked to the 
KINEROS model (Woolhiser et al., 1990) which provides the basis for generating 
runoff as infiltration excess and for routing runoff and sediment over the land. 
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Figure 2.5. Flow chart of the European Soil Erosion Model (EUROSEM). 
(Morgan, et al., 1993). 
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2.4 Conservation Farming 
Deforestation and subsequent use of land for agriculture has both local and off-site 
effects. The local effects are soil impoverishment and even complete degradation, 
which might lead to variable degrees of reduced soil productivity (Durham, 1979; 
Stonich, 1991; Williams, 1991). Land degradation and the loss of crop production has 
even led to civil unrest in El Salvador and Haiti But Stocking (1996) contends that, in 
Africa, "soil erosion 'facts' may be as hidebound with bias, error and prejudice as the 
outpourings of social science" and calls for cautions use of the results of scientific 
research. 
Among the off-site consequences of deforestation of hillsides in Central America is 
the increased accumulation of sediment in rivers and reservoirs with negative 
consequences for hydropower generation due to the siltation of reservoirs (Leonard, 
1987). Clear cutting of forests has been associated with increased peak discharge in 
streams, thus increasing the risk of sudden floods (Jones and Grant, 1996; Sahin et al., 
1996). 
Despite any uncertainty over the on- and off-site effects of clearfelling, there is no 
controversy about the need for implementing soil conservation measures (Dudal, 
1981; El-Swaify, 1997). Nevertheless, a very important problem arises when trying to 
implement them with farmers in developing countries. This is that most common 
methods that are generally recommended often do not fit easily with local 
circumstances. This is because many of these methods have been developed in the 
United States under very different circumstances from the rest of the world (Hudson, 
1988). For example, shallow soils on steep slopes, with severe erosion susceptibility, 
which correspond to land types VI and VII according to the USDA Land Capability 
Classification, are very common in Central America and should not be cultivated but 
used for pasture, rough grazing and plantation forestry. In reality, these land classes in 
Central America, and in other regions with similar topography, are used by marginal 
farmers who have no option but cultivate (Shaxson, 1988) and such land-use will not 
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change until existing severe economic constraints are alleviated or eliminated (Hurni, 
1988). 
Identification of significant causes of soil erosion allows a more reasoned 
recommendation of appropriate action. The answers may be social or economic rather 
than purely technical (Shaxson, 1988; Stocking, 1995). Also, the direct involvement 
of farmers in the process of research (deciding what to research for) and the transfer 
of the technology is thought to be an important ingredient in seeking a solution to 
more efficient and sustainable production practices for farmers of small-holdings or 
those cultivating marginal land (Bunch, 1990b; Sanchez and Ardon, 1990; Villarreal, 
1990; Vasquez, 1990). Chambers (1989) established that development of new 
technology to be used by farmers should consider their participation as an essential 
factor for the success for adoption of new techniques. 
In tune with the above way of thinking is the approach to the development and 
generation of conservation technology that has been described by Hudson (1988) as 
conservation farming. This approach considers that improved farming is the key to 
conservation schemes and that mechanical protection work would be included only if 
it cannot be avoided. Conservation farming implies that "improved production should 
lead to better erosion control instead of the other way round". Alternatively, as 
Shaxson (1983) explains, the simplest and most popular step (towards prevention of 
soil erosion) will always be to help the land user improve present plant production and 
land management activities. GIller et al. (1994) add that ''the involvement of farmers 
in experimentation at an early stage to assess the feaSibility of including legumes into 
farming systems is essential to ensure that realistic and applicable recommendations 
are developed". If a new technology, such as soil conservation measures, has to be 
used on a long term basis, it has to be accessible to farmers as well as being 
sustainable (Reijntjes et aI., 1992). 
The adoption of soil conservation practices is largely related to a number of factors 
that depend on the farmers' own resources and their attitude to 'change'. It is claimed 
that land tenure has an important role in promoting sustainable land management 
(Greenland, 1994). This is indeed the case in Honduras (L6pez et al., 1995). This was 
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demonstrated in a survey carried out in Cantarranas, where it was shown that maize 
farmers were unwilling to make capital improvements on land for which they had no 
usufructory rights. Landowners tend to adopt conservation technology much more 
readily than non-owners (Arellanes, 1994). As in the case of most Central America 
countries, land tenure in Honduras is highly irregular as the government has failed to 
enforce agrarian laws that have been enacted following changing political 
circumstances (Thorpe, 1991). 
2.5 Soil conservation with legumes 
"Maintaining soil cover is much more important in preventing erosion than terraces 
or soil conservation barriers live or dead" Bunch (1994b). 
The role of vegetation in reducing the erosivity of rains and/or in reducing the 
erodlbility of soils is widely documented (Chisci, 1981; Hallsworth, 1987; Nill and 
Nill, 1993; Hudson, 1995). The cultivation of crops as a means of protective measure 
is seen here as an attempt to resemble, at a rather reduced scale, the previous forested 
situation (Bonsu, 1981; Reijntjes et al., 1992). Stocking (1988) summarised the effect 
of vegetative cover as a range of interactive processes, which involve the following: i) 
the physical binding of the soil; ii) electrochemical and nutrient bonding between 
roots and soil; jji) detention of runoff by stalks and organic litter; iv) improved 
infiltration along root channels; v) greater incorporation of organic matter into the 
soil, which improves its structure and water holding capacity; vi) increased faunal and 
biological activity which improves the soil structure. Legumes are among the most 
important types of crops used as covers for soil protection and amelioration (Reijntjes 
et al., 1992; Willet, 1994). 
The use of legumes and green manuring were part of the conservation scheme 
introduced in several important regions of the United States after the severe erosion 
and droughts of the 1930's (USDA, 1968). Intensive breeding work resulted in 
superior varieties having specific adaptation to soils and climate (WaIters, 1987). 
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Some legumes are increasingly used for restoring lost soil fertility and/or preventing 
soil erosion in south Mexico and other parts of Central America (Bunch, 1994a). 
Legumes are important as green manures as they fIx nitrogen in the soil as well as 
provide protection for the soil surface (USDA, 1968; Agromisa, 1987; Key, 1979; 
Duke, 1981; Athar, 1990; Dwivedi et al., 1991; Burle et al., 1992). GilIer et al. (1994) 
reviewed the feasibility of biological nitrogen fIxation for sustaining agriculture in 
the tropics and concluded that this could be possible although at a moderate level of 
agricultural output. This is supported by the fact that increased levels of available 
nitrogen have been reported in experiments that included intercropped legumes with 
the main crop (Waiters, 1987; Smyth, 1991). In India, intercropping pasture legumes 
improved the soil N up to 177 kg N ha-I in a 4-year CrysopogonJulvus sp. crop stand 
as compared with the control It was also claimed that legumes might be an excellent 
substitute for nitrogen fertiliser in the economy of grassland management (Dwivedi et 
al., 1991). The N absorption efficiency of maize and mungbean intercropped was 
higher than that ofmungbean grown alone (Chowdhury, 1993). 
The practice of incorporating legumes with the main maize crop (in association or 
intercropped) is not a recent one, but it is only in recent years that more effort has 
been put into understanding it and extending its use (Thurston, 1994). Intercropping 
has long been a common practice among Mesoamerican cultures as a means for 
diversifying food sources as well as increasing soil productivity and securing at least 
one crop in diffIcult environments (Mejia, 1993; Lawton and Wilke, 1979; Sharer, 
1994). Available literature on leguminous cover crops in Mexico and Central America 
gives a wide range of information which deals mainly with the spontaneous adoption 
and impact of the technology (mainly for enhanced soil productivity) among farmers 
from Southern Mexico, Guatemala, Belize and Honduras (Bunch, 1994a; Buckles and 
Barreto, 1994). 
The use of legumes (especially Mucuna sp.) as covers has been transmitted from 
farmer to farmer since the 1950s although it was used by the banana companies in the 
1920s (Bunch, 1990b; Buckles, 1994; Hesse-Rodriguez, 1994; Holt-Gimenez and 
Pasos, 1994). In TamuIte de !as Sabanas, Tabasco, Mexico, local farmers have been 
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intercropping Mucuna with maize and squash for more than 40 years, and the system 
is now established on more than 4600 ha in that region alone (Madrigal et al., 1992). 
In Central America, several national and international agencies have promoted 
intercropped leguminous crops as a conservation practice, based on the experience of 
farmers (Buckles et al., 1992; Mercado et al., 1994; Sims and Walle, 1995). In 
Honduras, the use of cover crops is increasingly adopted on the Atlantic coast where 
hillside farmers have developed a technology using the legume Mucuna deeringianum 
(Buckles et al., 1992). Flores (1991), reporting the impact of using cover crops on the 
North Coast of Honduras, stated that maize yields had increased by 56%, farmers had 
reduced the application level of chemical fertilisers, from 50 kg ha· l to zero, and the 
cost of weed control had been reduced to 46% of its former level 
There is a range of leguminous cover crops (for example: Mucuna sp. or velvet bean, 
Canavalia ensiformis (I) DC. or Jack hean, Dolichos sp., Phaseolus coccineous L. or 
chinapopo, Cajanus cajan or gandul, etc.) that are available for protecting the soil 
against the erosive effects of rain (Shaffhausen, 1963; Duke, 1981; Buckles, 1994; 
Flores, 1991; Salomon, 1993; Bunch, 1994b). These legumes can be planted alone or 
intercropped with maize. The information available at the time of establishing the 
present experiment pointed to Mucuna sp. and Canavalia sp. as the favoured cover 
crops being evaluated in Central America, although this was under better 
circumstances of land quality and management than those of the marginal hillside 
agriculture tackled in this study (Buckles et aI., 1992; Choto de Cerna et al., 1993; 
Gord6n et aI., 1993; Herrera et al., 1993; L6pez et al., 1993; Sain et al., 1994; 
Vazquez et al., 1994). Thus, it has been necessary to evaluate the ability of Mucuna 
and Canavalia to adapt to hillside environments where the experiment was 
established. Both legumes, Mucuna and Canavalia, can be used as green manure or as 
a cover crop growing at the same time as the main crop. In both cases, the legume acts 
as a pool or reserve of nutrients, especially during the months after the main crop is 
harvested (Buckles and Barreto, 1994; Flores, 1991). 
It was decided to use Mucuna and Canavalia for the following reasons: i) both 
legumes have a rapid initial growth (Figure 2.6) which is beneficial for protecting the 
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soil at early stages of development of the main crop; however, there are very clear 
differences in growth habit between them: Mucuna grows by sending tendrils towards 
the neighbouring plants while Canavalia has a bush-like aspect and rarely entangles 
the main crop (Aleman and Flores, 1993; Flores, 1993a); ii) the leaf area cover is 
different: Mucuna has a dense and layered canopy, while Canavalia has a rather 
reduced canopy area; Canavalia plants have a sturdy constitution and their leaves are 
strong enough to absorb most of the impact of the raindrops while its waxy cuticle 
immediately encourages drainage, probably most as stemflow. In contrast, Mucuna 
has a smaller and fragile trifoliate leaf, which easily bends under the impact of 
raindrops which run off and/or impact on the soil surface. This is particularly 
important during the early stages of Mucuna development when its canopy layer has 
not yet fully developed; iii) both legumes have been reported to have beneficial 
impact on the soil and main crop in terms of soil protection and amelioration by 
means of increased biomass and fixation of nitrogen (Buckles, et al., 1992; Gordon et 
al., 1993; Herrera et al., 1993; Barreto, 1994; Bunch, 1994a&b; Jean-Pierre, 1995); 
iv) the seeds of both legumes have a secondary use: dark Mucuna seeds, when 
properly roasted, can be used to prepare "coffee" (Granados and Garcfa, 1992, Flores, 
1991), or to prepare bread or other dishes by obtaining flour from the white greyish 
seeds (Melara and del RIO, 1994); and Canavalza seeds can be used for preparing 
chicken feed (D'MeUo et al., 1988) v) both seem to have good control on pests and 
weeds (Rizzo et al., undated; Valdivia et al., undated; Zelaya et al., 1994); vi) at the 
time this study was being prepared, there were no reports showing that either of them 
being used as cover crops or intercrop at more than 1000 m above sea level under 
rainfed conditions on the hillsides of Honduras. Thus, it was important to determine 
the possible adaptation of either Mucuna or Canavalia for further adoption among the 
local farmers. 
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Figure 2.6. Biomass production in Mucuna and Canavalia, planted at Escuela 
Agricola Panamericana, Honduras (modified from Sims and Walle, 1995). 
A more detailed description on the characteristics of the legumes used in the study is 
given in the following sections. 
2.5.1 Mucuna sp. 
Family: Fabacea 
Common names: velvet bean, frijol abono, f. nescafe, and f. terciopelo 
Mucuna sp., also previously known as Stizolobium sp., is a legume thought to 
originate from Indonesia and introduced to the Americas in the late 19th century 
(Purseglove, 1968; Duke, 1981). Mucuna is a nitrogen fixing plant which sends out 
thin, curling tendrils which eventually form a dense mat of interwoven vines and 
leaves (Plate 2.3). Once the crop is properly established, its dense canopy cover helps 
control erosion, preserve moisture and discourages virtually all weeds. The most 
commonly mentioned species of Mucuna are: M. deeringiana (or Stizolobium 
----------------------------------------------------------- - -
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deeringiana), M. pruriens (or S. aterrium), M. utilis, M. cochichinensis, M. nivea, M. 
capitata, M. hassjoo, M. diabolica, and M. aterrima (Duke, 1981; Quiroga, 1993; 
Flores, 1993a,b&C; Buckles, 1994). 
There are two species of Mucuna. which are widely used in Central America. These 
are M. pruriens and M. deeringiana (Florida velvet bean), although they are used as 
mixtures by most farmers (Buckles, 1994). The major differentiating characteristics 
between these species are presented in Table 2.3. Although M. deeringiana has a 
tendency to produce more leaves and tendrils than M. pruriens, the latter is more 
aggressive and requires trimming at least twice when intercropped with maize. 
(Melara and Del Rio, undated). In general, if Mucuna is planted at the beginning of 
the wet season (Mayor June) its cycle may finish some six months later (November) 
when the rains decline. 
Mexican and Guatemalan farmers first experimented with Mucuna as a natural 
fertiliser several decades ago, noting its ability to smother weeds and improve maize 
yields on degraded fields (Buckles et al.. 1992). By broadcasting Mucuna seed into 
abandoned fields, farmers were able to reduce fallow periods from five years to two 
(Buckles, 1994). 
There are different cropping systems which include Mucuna being cultivated either in 
relay, rotation (abonera), or intercropped (asocio) with the main crop (Barreto, 1994). 
The systems used reflect both the objective of its use and the climatic characteristics, 
and may integrate one or more cultivating methods at different stages of the adoption 
process (Flores, undated). In most instances, maize is sown by hand directly on the 
soil without previous cultivation; hand weeding followed by trimming of Mucuna's 
tendrils are the most important cultivation practices. 
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Table 2.3. Major plant characteristics of two species of Mucuna. 
Plant characteristic 
Colour of flowers 
Colour of seeds 
Growth cycle, days 
Fresh biomass, Mg ha" 
Dry biomass, Mg ha" 
Grain, Mg ha" 
M.pruriens 
dark purple 
black 
194 
28.0 
4.1 
6.1 
Sources: Purseg\ove, (1968); Qmroga (1993). 
M. deeringiana 
white 
white or mottled 
170 
26.5 
3.7 
4,4 
2.48 
Among the different systems in which Mucuna is included, the abonera is probably 
the most important and widespread. The abonera system is practised in several 
regions of Central America where the rain and weather make two cropping seasons 
per year possible. The abonera consists of an improved fallow in which, Mucuna is 
grown either as a single crop during the wet season (primera) or in early relay with 
maize in the dry season (postrera). After maize is harvested (March or April) Mucuna 
is allowed to accomplish its cycle as a single crop while the maize crop is planted 
somewhere else in the next wet season, using the traditional shifting cultivation 
system. In the next dry season, Mucuna is cut at ground level and its mulch left on the 
soil surface. Few weeks later, the maize seeds are planted directly through the mulch 
left by the Mucuna plants (Buckles et al., 1993; Quiroga, 1993). According to farmers 
interviewed by Buckles et al. (1992), it may take at least two years for the system to 
become sustainable, with no labour required for either tillage of the field or sowing 
the legume as the Mucuna seeds 're-sow' themselves. 
However, as in most of the interior regions of Central America there is not enough 
rainfall to sustain two crops in a year, the legumes need to be sown as an intercrop 
(Leonard and Mayorga, 1993). When maize is intercropped with Mucuna, increased 
productivity might result not only from the physico-chemical effects of the Mucuna 
rhizosphore microbiological activity, but also from the higher diversity of micro-
organism found on the habitat (Quiroga and Garda, 1991). 
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The natural fIXation of nitrogen may replace any source of chemical fertiliser N 
(Triomphe, 1996). The amount of nitrogen fIXed by Mucuna has been reported to 
range between 127 kg of N ha-I a-I (Barreto, 1994) and 150 kg of N ha-I a-I (Bunch, 
1990b), and in one case it was thought to be equivalent to 200-300 kg ha-I a-I of urea 
(Granados and Garcfa, 1992). Typically, after a 5 month period Mucuna has been 
observed to produce as much as 4 Mg of dry biomass ha-I and fIX up to 140 kg of N 
ha-I in the same period (Leonard and Mayorga, 1993). 
Smyth et al. (1991) observed an increase of70 kg ha-I in the fertiliser-N substitution 
value after three consecutive crops of maize in which Mucuna residues were left as 
above-ground cover. Mter the second year, the abonera was more profitable for 
farmers in northern Honduras, as compared to the traditional system of maize 
cultivated as a mono-crop (Sain et al., 1994). Similar results have been reported by 
Herrera et al. (1993). 
Quiroga (1993) acknowledged that after the first cycle of intercropping maize and 
Mucuna on hillsides, there was no relevant impact on the control of diseases 
originating in the soil. Quiroga (1993) reported that there was an increase in the 
development of the roots of maize plants which in turn favoured the intake of water 
and nutrients, and possIble better symbiotic relationship with benefiCial organisms, 
which was reflected in increased productivIty. In an experiment evaluating different 
legumes intercropped with maize, the plots of maize intercropped with Mucuna gave 
the highest yield of maize-forage with nearly 10 Mg of dry matter per hectare (Uribe 
et al., 1993). Similarly, Gonzalez et al. (1990) reported that maize yields were higher 
in rotation systems that included Mucuna for 9 and 14 years (grain yields: 3.2 and 2_6 
Mg ha-I, respectively) as compared to maize planted as a single crop (0.8 Mg ha-\ 
Gonzalez et al. (1990) attributed such a difference in yield to the amount of nitrogen 
(up to 105 kg N ha-I) fIXed by Rhizobium. 
Mucuna has also been used on citrns plantations for recovering the productivity of 
soils and maintaining high moisture levels through the growing season (Flores, 1992; 
Ovando et al. 1992). 
-----------------------------------------------------------------------------
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However, Coultas et al. (1996) reported that intercropping Velvet bean (Mucuna 
pruriens) with maize (Zea l1Ulys L.) did not have a positive effect on corn yields on 
soils (high in clay) of Northern Belize. After three years of research they considered 
necessary to supplement the main crop with chemical fertilisers that include N, P, K 
and micro-nutrients. Besides, Coultas et al. (1996) reported that the legume was 
inefficient in controlling the infestation of congo-grass (lmperata cylindrica). 
The seeds of Mucuna are used for preparing food, but it is very important to point out 
that Mucuna seeds possess a potential threat as the shell contains levodopa and N-
dimetiltriptamina, which are toxic when consumed by humans. It has been claimed 
that such toxicity may be eliminated by properly boiling or roasting the seeds and 
removing their shells; also it is important to discard the water in which the seed was 
boiled (CSIR, 1962; Duke, 1981). 
Although there are many positive aspects, which should encourage farmers to widely 
cultivate Mucuna, several factors affect its adoption. Among the principal constraints 
are the following: competition with the main crop for space and resources; increased 
labour for trimming Mucuna plant tendrils at least twice during the early development 
stages (at 30 and 50 days after sowing; Galvez, undated; Granados and Garcia, 1992). 
This is important for farmers, as their hand-labour has higher opportunity-cost during 
the wet season when they can work on other farms and earn some money which may 
then be used for purchasing seeds and agrochemicals for cash crops (Sims and Ellis-
Jones, 1993). 
On the northern coast of Honduras it was reported that growing Mucuna on steep 
hillsides (>40% slope) had caused landslides, arguably due to the increase in both soil 
moisture and biomass weight above soil surface (Leonard and Mayorga, 1993). 
Collison and Anderson (1996) mentioned that increasing vegetation cover might have 
a positive or negative impact on slope stability due to changes in the balance between 
hydrological and mechanical effects. This balance is critical on slopes which are 
susceptible to the development of a transitory perched water table, a common cause of 
landslides in tropical residual soils. But the increases in root activity might reinforce 
the soil matrix. 
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2.5.2 Canavalia ensifonnis (I.) DC. 
Family: Leguminosae 
Common names: Canavalia, Jack bean 
Canavalia is a bushy, semi-erect annual, capable of becoming a perennial climber and 
usually between 60 to 120 cm in height (Plate 2.4). Canavalia is native to the West 
Indies and Central America (Duke, 1981). It is well adapted to grow in a range of 
environments, even if shaded, but it prefers a long growing season with moderate to 
high temperatures. Canavalia is well adapted to grow at a range of altitudes up to 
1800 m above sea level. Although, for optimum yields, an annual rainfall between 
900 to 1200 mm is preferred, Canavalia is highly resistant to drought periods and will 
grow in areas with under 650 to 750 mm of rain per year. Normally a crop of mature 
seed is produced in 180 to 300 days, depending upon the cultivar and the local 
climatic conditions (NAS, 1979; Kay, 1979). 
Other species of Canavalia include C. gladiata sp. and C. brasiliensis sp. The bush-
hke C. ensijormis is the most common species in Honduras, and some cultivars are 
able to climb onto surrounding plants (Aleman and Flores, 1993). When compared to 
Mucuna, Canavalia is less aggressive and presents an easier management for 
intercropping with maize. According to Velazquez et al. (1992), Canavalia's longer 
growth cycle enables it to be used for protecting the soil against erosion, incorporate 
organic matter and nitrogen, as well as for controlling weeds. Natural fixation of 
nitrogen is possible, as nodulation has been observed by Athar and Mahmod (1990) 
for the cultivated species C. ensijormis. 
Results from experiments carried out in the Escuela Agricola Panamericana shown 
that Canavalia might produce as much as 10 Mg ha'! of dry biomass from up to 50 
Mg ha'! of fresh matter (VeIazquez et al., 1992). 
In Brazil, a series of experiments tested the effect of cultivating legumes in rotation 
with maize. Carsky (1989) reported that an equivalent value of 231 kg of fertiliser N 
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ha·' was added from a total of 8.9 Mg of Canavalia dry matter. With such added 
nitrogen, the yields of maize grain were almost doubled from 3.3 Mg ha·' to 6.6 Mg 
h ·, a. 
Similarly, Burle et al. (1992) reported N replacement values between 50 to 80 kg of 
fertiliser N ha·' that increased maize grain yields by an average of 50% above the 
control plants grown without legumes. Burle et al. (1992) recommended Canavalia as 
a dry season legume and claimed that "it has a high yield potential even under adverse 
conditions, and it supplies N to the succeeding crop". 
In Yucatan, Mexico, Canavalia has been recommended as a means of recovering the 
depleted productivity of calcareous soils, by sowing it during the dry season and prior 
to planting maize. In this way, farmers have increased yields of maize from 
previously impoverished soils which otherwise would be left fallow for several years 
(Huz, 1994). 
In an experiment reported by Uribe et al. (1993) in Veracroz, Mexico, maize 
intercropped with Canavalia was the treatment with the highest yield of dry biomass 
(12.5 Mg ha·') and the yield of maize-grain (3.1 Mg ha·') was not statistically 
different from the maize alone plots and the other treatments that included legumes. 
Among the different uses of the Canavalia plant and its seeds, the most important are: 
i) Foodstuff: the green pods can be eaten as vegetables after being boiled; the flowers 
and the young leaves are used as flavouring in Indonesia; the mature dry seeds can be 
used as foodstuff, but are not popular because of their unattractive flavour and texture, 
and because of its potential toxicity (Laurena et al., 1994); for that reason, they 
require soaking and boiling in salt water for several hours to remove the toxic 
constituents and to soft them (Key, 1979); ii) coffee: the mature seeds may be roasted 
and used as a coffee substitute (Key, 1979); iii) Chicken feed: D'Mello et al. (1988) 
used autoclaved forms of Canavalia seeds to prepare diets of amino acid supplement 
as feed for young chicks; also Esonu (1996) tested a process that included two-stage 
cooking and microbial fermentation to prepare food supplement used in rearing 
broilers; iv) natural control of ants: it is claimed that Canavalia leaves may control the 
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ant populations which defoliate some crops by means of destroying the fungi located 
in the ant's nest (Leonard and Mayorga, 1993). 
The limitations of using Canavalia as a cover crop are similar to those of other 
legumes when intercropped with a main crop: competition for space, nutrients, light, 
etc. Nevertheless, BurIe et al. (1992) reported that Canavalia plants have a reduced 
usage of water as compared to Mucuna and other legumes, which suggests less 
competition for water between Canavalia and the main crop. 
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Plate 2.4. Maize intercropped with Callavalia. 
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3. CENTRAL AMERICA: A GENERAL OVERVIEW 
3.1 Physical characteristics 
The older and more general features of Central America originated as part of 
continental drift which occurred more than 65 million years ago (Levin, 1994) at the 
end of the Cretaceous and during the Post-Pangea division of continents (Redfem, 
1983). Central America did not exist 20 million years ago at a time when North and 
South America were separated by a 3000 km marine canal containing a chain of 
volcanic islands (Heckadon, 1992). It is estimated that by 10 mIllion years ago, this 
separation had been reduced to 1500 km, and that around 5 million years ago, in the 
recent geological past, the Central American straits were closed and the land bridge 
consolidated. 
The oldest regions of Central America, corresponding to Guatemala and Honduras, 
originated as an extension of the orogenic belt which formed the west coast of North 
America and Mexico during the Precambrian. Northern Central America is also 
partially formed by metamorphosed rocks of Palaeozoic and Mesozoic age (King, 
1977; Levin, 1994). The middle part of Central America consists primarily of a chain 
of volcanoes which links Tertiary rocks to the south with older stmctures to the North 
(King, 1977). There are still at least 20 active volcanoes (Leonard, 1987). Most of the 
features as they appear today are relatively recent, most of the region's geological 
activity dating back only as far as the Mesozoic and Cenozoic eras (Levin, 1994). 
3.1.1 Landforms 
Central America is located at the convergence point of five continental plates which 
gave it its current shape. Central America forms part of the CarIbbean plate which is 
bordered to the north by the North American plate, to the west by the Cocos plate and 
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to the south by the Nazca and the South American plates (West. 1989). The edge of 
the Cocos plate. which is moving north-eastward, is thrust under the rigid south-
western borders of the North American and Caribbean plates. This movement has 
resulted in the formation ofthe Middle American trench offshore. the volcanic axes of 
Mexico and Central America. and frequent earthquakes on the adjacent land surface 
(West. 1989). 
Intense volcanic and seismic activity has created the rugged landscape which 
characterises most of the Central American landscapes (King. 1977; Leonard. 1987). 
The predominant Iandforms in Central America are the mountains. escarpments and 
hills which cover most of the territory (Figure 3.1). Almost 60% of the Central 
America consists of rugged mountain ranges (Heckadon. 1992). 
S. Mot,lr 
Low ploinl aftd toWll9 hili. 
Figure 3.1. Generallandforms in Central America (West, 1989). 
3.1.2 Soils in Central America 
In Central America. the soils are complex and reflect the variety of materials from 
which they have originated. Thick deposits of volcanic ash and lava cover much of 
southern Honduras and north-central Nicaragua while the Pacific margin of northern 
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Central America is covered with geologically more recent volcanic deposits (West, 
1989). Although the volcanic ash has enriched many of the soils, the topography and 
characteristic geology are limiting factors which reduce the overall soil quality of two 
thirds of the land surface in Central America (Leonard, 1987). 
The soils of Central America provide six broad regions (Figure 3.2) based on the 
FAO's Soils of the World Map (Leonard, 1987). These regions are described as: I) 
the andesitic volcanic highlands and related lowland soils running along the Pacific 
coast into western Panama; 2) the rhyolitic nonvolcanic upland soils that dominate 
central Guatemala, Honduras, and Nicaragua; 3) the isthmian highland and adjacent 
Pacific lowlands soils that parallel and overlap with the volcanic region in south 
central Nicaragua and western Panama and predominate in eastern Panama; 4) the 
isolated upland plateau of the Maya Mountain region of Belize; and the two 
Caribbean lowland regions; 5) the coastal strip from southern Belize down through 
Panama; and 6) the Yucatan and Peten lowland regions primarily in north-eastern 
Guatemala and the northern half of Belize. 
On the lowlands and slopes of the rain forests of Caribbean Central America, the most 
common type of soils are yellow and red latosols (West, 1989). These soils are 
commonly described as having a hardened layer rich in iron oxides termed ''laterites''. 
These soils can be classified into different suborders of the Oxisol, Inceptisol or 
Entisol Orders in the U.S. Soil Taxonomy System. The latosols also fall into several 
of the FAO units such as FerralsoI, Cambisol and Planosol (Sanchez, 1976). 
Additionally, in the flat lowland regions of low or poor drainage, it is possible to fmd 
Gleysols. These soils have a characteristic blue or grey profile derived from mottled 
reduced clays (West, 1989). In general, soil quality in the Caribbean lowlands is 
affected by soil drainage, high acidity, and low nutrient availability (Leonard, 1987). 
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Figure 3.2. Soil regions in Central America (after Leonard, 1987). 
The soils in the central highlands. described by Leonard (1987) as of non-volcanic 
origin. are complex in both type and distribution and have developed from 
sedimentary rocks of varying geological age (King. 1977; West. 1989). Mudstones. 
sandstones and marls were developed on different geological times and the 
accompanying seismic activity. reflected in a fractured landscape and altered 
toposequences, added complexity to the soils as they appear today. The soils are often 
shallow or lithic (Leonard, 1987) and might be classified as Oxisols, Inceptisols and 
Entisols according to the U.S. System (Sanchez, 1976). 
In comparison, the soils along the Pacific coast of Central America are relatively 
young and of volcanic origin (West, 1989). On these Pacific coastal ranges, the soils 
are present as deep profiles, free of rocks due to the successive and relatively recent 
deposition of ash from neighbouring volcanoes (Leonard, 1987). 
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3.2 Climate and vegetation 
The wide diversity of climate in Central America is partly a function of its varied 
topography which is characterised by major altitudinal diversity, and its location 
between two great oceanic weather-generating regimes (Leonard, 1987). Altitude and 
topography as well as exposure to rainbearing winds have a strong influence on both 
rainfall and temperature. In the hillside areas and interior valleys on the Caribbean 
side of the Continental Divide, the eastward facing slopes may receive considerably 
more rain (Heckadon, 1992; Leonard, 1987). These diverse combinations of altitude, 
temperature and precipitation have given origin to some twenty vegetational 
provinces or regions (Heckadon, 1992). A climatic classification, according to the 
Ktippen system (West, 1989) is presented in Table 3.1 and shown in Figure 3.3. 
Table 3.1. Climate types in Central America (after West, 1989). 
Climate description 
Tropical (Wet) Rain Forest 
Tropical (Wet) Monsoon 
Tropical "Wet and Dry Climate" 
Mesothermal Highland Climate 
3.2.1 Tropical Wet AI and Am 
Koppen's classification 
Ai 
Am 
Aw 
Cw, Cwi, Cft 
The Tropical Wet climates, Ktippen's At and Am, are mostly located along the 
lowlands areas (Tierra caliente, Hot Land) on the Caribbean Coast. The temperature 
is always high with a monthly average above 30" C. Rainfall is usually high, with 
more than 2000 mm a·1, and there is a short, but not clearly differentiated, dry period 
during the cooler months. Northern Honduras is dominated by the Am Climate type, 
and to a lesser extent by the truly tropical rainforest At type. 
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Figure 3.3. Climatic regions in Central America. 
The natural vegetation under the AI and Am climates should be the 'rain forest' 
consisting of heavy forests of tall trees, but the continuous disturbance at different 
times by native and European settlers had modified the vegetation. The less modified 
rain forests are composed of a large number of tall, broad-leaved evergreen trees, but 
this zone also includes the open savannah of Caribbean pines of the Mosquito Coast, 
Nicaragua. Mangrove forests may be found along swampy coast (West, 1989). 
3.2.2 Tropical "Wet and Dry" Aw 
The Tropical "Wet and Dry" type Aw is the predominant climate all along the lower 
lands on the Pacific side of Central America. The temperature range is very much 
similar to the tropical humid types, but it is distinguished by a clear dry season of 4 to 
6 months during the cooler part of the year. The rainy season extends from May to 
October (Leonard, 1987, West, 1989). 
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The vegetation associated with the "Wet and Dry" climate corresponds to low forest 
of deciduous trees which shed their leaves during the dry season. Typical vegetation 
on fertile soils is the "high bush" (Monte alto) which includes stands of tall trees such 
as the Guanacaste and Ceiba along with clumps of palms. In rocky and less fertile 
soils, the vegetation is composed of thick growths of Iow, thorny scrub and cacti of 
many forms and species which are generally known as "Iow bush" (Monte bajo). A 
savannah type of vegetation is located on the Pacific coast of Panama, but is not very 
extensive in other areas of Central America. A characteristic mangrove forest is 
widespread along the muddy shores of both the Pacific and Caribbean coasts (The 
Diagram Group, 1985; West, 1989). 
3.2.3 Mesothermal Cw, Cwi and eft 
The Mesothermal Cw, Cwi and Cft climate types cover most of the interior highlands 
of Central America. The suffixes on a C climate refer to the amount of rain received 
in a year: ie. the wand wi types may receive between 600 and 1200 mm, while the ft 
receives between 1200 and above 2500 mm a·1 (West, 1987). As temperature 
decreases with altitude in the mountains, the climate in the highlands becomes milder 
(Tierra templada) and the daily average temperature ranges between 24° C and 27° C. 
Under this climate, precipitation is seasonal and the rains come as high intensity 
storms during the hotter months. This type of climate is predominant in the highlands 
of Honduras. (The Diagram Group, 1985; West, 1989). 
The typical vegetation on the hillsides of the mountains is an association of coniferous 
and oak forests, above which the "cloud forest" occurs at more than 2 000 m 
elevation. The "cloud forest" consists largely of evergreen oaks, laurels, liquidambar 
and fern trees. (The Diagram Group, 1985; Leonard, 1987; West, 1989). 
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3.3 Land and people 
The seven countries of Central America (Belize, Guatemala, El Salvador, Honduras, 
Nicaragua, Costa Rica and Panama) share a variety of environmental characteristics in 
a territory of about 526 286 krn2 (Table 3.2). The vast majority of Central American 
inhabitants live on the Pacific side or in the hilly interior in areas where highly 
productive land and a more favourable climate are found (Leonard, 1987). 
According to Heckadon (1992), 50% of the population is concentrated on the Pacific 
slopes, and 40% in the Central Mountainous Zone, with only 10% in the extensive 
Caribbean plains. This bias in popUlation distribution might be described as an 
example of human ecology, whereby people tend to colonise land with a more benign 
environment (Durham, 1979). The demographic growth rate varies from 2.1% in 
Panama to 3.4% in Nicaragua. The rural popUlation is around 45% on average 
(Anuario CRIES, 1993). With the exception of Belize and Honduras, urban 
populations tend to be concentrated mainly in the capital cities (Elbow, 1989). 
Table 3.2. Total surface, population and land per capita in Central America 1. 
Country Total Inbabitants, Arable Forest and 
Surface, km' millions Land, baper woodland, ba 
capita per capita 
El Salvador 21393 5.636 0.103 0.023 
Belize 22965 0.204 0.223 4.953 
Costa Rica 50900 3.265 0.935 0.530 
Panama 81176 2.579 0.189 1.670 
Guatemala 108889 10.446 0.125 0.417 
Honduras 112492 5.170 0.303 0.737 
Nicaragua 128875 3.987 0.291 1.131 
I Sources: The Diagram Group (1985); Leonard (1987); Elbow (1989); AnuarlO CRIES (1993). 
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Increased population pressure and the associated pressure on land and resources have 
combined with a deteriorating environment to play an important role in generating 
civil unrest at both national and regional levels (Stonich, 1991; Williams, 1991). An 
example of conflict between countries caused by population pressure as well as 
imbalances in the availability of resources is the so called "Soccer War' which 
occurred in 1969 between El Salvador and Honduras (Durham, 1979). 
The amount of available arable land and forest/woodland varies from country to 
country (Table 3.2). This is partly a reflection of differences in land management 
policies and population pressure. El Salvador is the smallest country in the region but 
has the second highest population and the highest population density (around 260 
people km-2). 
Small farm agriculture is widespread in marginal areas of Central America but 
occupies a rather small area of the whole territory. Out of 1 250000 farms in Central 
America, 80% percent are classified as small «10 ha) but they occupy only 10% of 
the total area in use (total land in use in Central America is 17500 000 ha), whilst the 
number of farms bigger than 200 ha represent only 8% but they control 71 % of the 
total land in use (Heckadon, 1992). 
The structure of land-holdings in the five countries of Central America is presented in 
Table 3.3. The farm-size categories are adapted from a classification system used by 
the Comite Interamericano de Desarrollo Agrfcola (Inter-American Committee for 
Agricultural Development) in surveying land tenure structures (Leonard, 1987). A 
"Sub-family" farm was classified as one having insufficient land to satisfy minimum 
needs of a family or one that does not keep the family occupied through the year. A 
"Family-farm" has enough land to support a family at a satisfactory standard of living 
through the work of family members, using methods prevailing in the area. The 
"Multi-family- farm" has enough land to employ a number of workers besides the 
family. 
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Table 3.3. Structure of land-holding in Central Americal • 
Country Multi-family farm units Family farm units Sub-family farm units 
% Farms % Area % Farms % Area % Farms % Area 
Guatemala 2 72 10 14 46 2 
Honduras 5 60 26 28 69 13 
El Salvador 2 50 6 23 92 27 
Nicaragua 22 85 27 11 51 4 
Costa Rica 22 88 32 10 46 2 
I Source: Lasseu (1980) presented in Leonard (1987) 
Table 3.3 shows that. at the time the survey was undertaken, the vast majority of land-
holdings (from 46% in Costa Rica to 92% in El Salvador) were too small to secure the 
needs of the families. This is the case of Honduras, where only 31 % of land holdings 
are above the subsistence level. In contrast, a small percentage of land-holdings (from 
2% in Nicaragua and El Salvador to 22% in Costa Rica and Nicaragua) were large 
holdings which occupied more than 50% of the land of each country. (Leonard, 1987). 
3.4 Deforestation in Central America 
In Central America, forest clearance for agricultural cultivation helped support the 
ancient Mayan and related cultures for over 1000 years. The relatively low intensity 
of land exploitation allowed relatively rapid natural recovery to take place. High 
intensity agriculture, including terraces, was practised nearer to large settlements, 
while shifting cultivation was carried out on the hillsides away from the most 
populated areas (Sharer, 1994). Apart from El Salvador, accelerated deforestation of 
Central America is a relatively new phenomenon and dates back 3 and 4 decades 
(Myer and Tucker, 1987). 
Deforestation rates in Central America vary from country to country and from year to 
year, but recent estimates put it at around 400 000 ha a·1, mainly affecting broad-
leaved and coniferous forests. The figure is generally lower during the normal wet 
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season and higher in the dry season. Changes in the amount of afforested surface over 
time in Central America are shown in Figure 3.4. Unfortunately the rates of 
afforestation are too low to keep pace with rates of deforestation (Leonard, 1987; 
Heckadon, 1992). A brief description on the status of deforestation for each country of 
Central America is presented in the following paragraphs. 
In Guatemala, the annual deforestation rates are put at around 90 000 ha a·I , but 25% 
of the total forest was lost between 1960 and 1980. The mangrove forests had also 
been devastated and an estimated 50%, or 250 km2, of the original surface has already 
been lost (Utting, 1993). In contrast, the rate of deforestation in Belize is much lower 
than in the rest of the countries in the region. Leonard (1987) reported that only 3% of 
forest was lost in the decade between 1970 and 1980. 
On the hillsides of El Salvador the coniferous forest began to be replaced by intensive 
cultivation of cocoa as early as in the 16th century, and by the cultivation of indigo 
and coffee a century later (Arce, 1993). While the cultivation of cocoa was kept 
restricted to a local scale, it had little impact on the environment. However, soon after 
the Spanish invasion, cocoa came to be regarded as a valuable export product and 
intensive cultivation on the hillsides began (Myers and Tucker, 1987). It was then 
that land degradation was initiated as more aggressive agricultural practices were 
introduced and more areas were opened for cultivation. The devastating consequences 
have never stopped and El Salvador has not only lost nearly all of its forest, but also 
extensive areas of the country show irreversible signs of soil erosion. El Salvador is 
generally regarded as the most "deteriorated" country in continental Latin America 
(Utting, 1993). It is estimated that only 12 % of the territory is covered with trees and 
only 3% is in its natural state (Arias, 1992). A rather sombre panorama was described 
by Utting (1993), including river basins being degraded, floods and landslides, 
sedimentation threatening the hydroelectric system, etc. Leonard (1987) reports that 
between 1970 and 1980 a total of 400 km2 of forest and woodland were lost. 
In Panama, the loss of forest has amounted to 30%. In 1947,70% of the territory was 
covered by dense forest but by 1990 only 40% of that surface remained (Utting, 
1993). Leonard (1987) reported that between 1970 and 1980 a total of 3000 km2 of 
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forest and woodlands were lost The consequences of the rapid rate of deforestation 
have had an impact on the erosion and degradation of land and caused sedimentation 
of reservoirs that supply water to the Canal of Panama (Utting, 1993). 
In Costa Rica, the percentage of total land covered with dense forest was reduced 
from approximately 75% to 20% between 1940 and the mid 1980s. The annual 
deforestation rate in Costa Rica is put at around 50000 ha a-I (Utting, 1993). 
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Deforestation in Central America: 
1950 .. 1985* 
·Does not include coastal mangrove forms and open pine savanna. 
c. ~ Dense f-'Oft'Sl CO\'er 
3.67 
Figure 3.4. Pace of deforestation in Central America (after Leonard, 1987). 
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4. HONDURAS AND SITE DESCRIPTION 
Honduras is located between 12° 58' Nand 16° 02' N and between 83° 10' W to 89" 
22' W. Honduras borders the Caribbean Sea to the north; the Gulf of Fonseca and El 
Salvador to the south; Nicaragua in the east and South-East; and Guatemala in the 
West (Figure 4.1). Honduras is the second largest country in Central America in terms 
of surface area and has the third biggest population. Honduras forms part of the group 
of poorest countries in Latin America, ahead only of Bolivia and Haiti (CebalIos-
MiilIer et al., 1994). Flat land with Iow slopes occupies some 20% of the country's 
territory and is located near to the coasts and in the interior valleys; the rest of the 
territory is mountainous and has slopes exceeding 25% (SECPLAN, 1989; Canales, 
1995). The country now only rarely experiences earthquakes and volcanic eruptions 
because most of the territory lies away from the more active Pacific ranges (Levin, 
1994). 
Caribbean Sea 
.. 16 16 
_.' 
~.-ro..:D.lI.b M,...'·· 
.; '-.1 
Nicaragua 
Figure 4.1. Location of Honduras in Central America 
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In Honduras, shifting cultivating is still a common practice on mountainous areas 
which were previously covered with conifers. Some of the pine-covered areas had 
been subjected to repeated burning either natural or prescribed for Forest purposes 
(Hudson et al., 1983a&b). Arellanes (1994) established that in conventional slash-
and-bum agriculture, land is put into fallow after one or two crops and allowed to 
regenerate naturally. Although this can take years, it is a system which until recently 
sustained the population of rural Honduras, as it did their Mayan, Lencan, and other 
indigenous predecessors. Problems arise when lack of available land forces farmers to 
cultivate the same hillside plot year after year. 
4.1 Geology and landscape of Honduras 
The geology of Honduras is variable and complex and includes a wide range of 
materials of igneous, sedimentary and metamorphic origin. Towards the South and 
South-East of the territory and in the central highlands, the terrain consists of the 
Padre Miguel and the Honduras stratigraphic units which may date back to the 
Cenozoic era. The Padre Miguel unit consists of acid volcanic rocks which are 
predominantly pyroclastic and interdigitated with rhyolite, andesite and basalt. The 
Honduras stratigraphic unit runs parallel to the Nicaragua border; it is largely 
composed by the Agua Fria formation which consists of shallow layers of black 
mudstones and light-brown sandstones; it might also include denser sandstones and 
layers of coal (Canales, 1994). 
The central and northern parts of Honduras are dominated by the Valle de Angeles 
stratigraphic unit and the Cacaguapa slate unit which might be older in origin and 
date back to the Mesozoic. The Valle de Angeles unit consists of a sequential layering 
of red lithologically heterogenoeus layers formed by mudstones, limonite, sandstones, 
limestone and marls (with variable colours ranging from red to yellow, light or dark 
brown). The Cacaguapa slate group consists of a metamorphic basement formed by 
sericitic and graphite slates, philites, gneiss, quartz and marble. 
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Most of the geological materials in Northern Honduras are much older in origin in 
comparison with the rest of Central America. The predominant materials on the North 
coast are marine and continental sediments, which includes piedmont deposits and 
gravel terraces, as well as flood plains and deposits from modem rivers (Canales, 
1994; The Diagram Group, 1985). 
The landscape in Honduras is predominately rugged with nearly 80% of the territory 
covered by hills and mountains landscape (Table 4.1; Castro, 1991). The mountainous 
terrain is located toward the central areas of the country with ranges crossing from 
north-east to south-west directions (Figure 4.2). The hillsides are scattered all over 
Honduras and near both coastal areas in the Caribbean and the Pacific. There are flat 
valleys around river basins and upland areas. Most of them are extensively devoted to 
the produce of agricultural goods mainly for export. In this aspect the most important 
are the banana plantations being located around San Pedro Sula, La Ceiba and Puerto 
Cortes. The Mosquito area is dominated by flat land which very poorly drained and 
present reduced possibilities for agricultural exploitation. 
Table 4.1. Topographic classes and relative surface area in Honduras t. 
Class 
Flat well drained 
Flat poorly drained 
Hillside 
Mountain 
t Source: Caslro, 1991. 
% of total surface 
15.2 
6.7 
62.3 
15.8 
Honduras: Topographic classes 
o Flat, well drained 15.2 % 
D Hillside 62.3 % 
• Mountain 15.8 % 
D Flat, poorly drained 6.7 % 
Source: Carter, 1991 , CIA T. 
Based on US DMA Topo Map I: 1 000000 
-~ 
1'l 
2 
-! 
> 
t"' 
Vl 
-! 
1'l 
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4.2 Soils of Honduras 
The most important soils in Honduras, Inceptisols and Entisols, cover most of the 
interior highlands and the Pacific slopes which are thought to be have been under the 
influence of more recent ecological activity. The Inceptisols (Latin inceptum: 
incipient, beginning) are described as "young" soils having a cambic horizon but no 
other diagnostic features. The Entisols (recent) are more recent soils which have 
developed only an ochric (yellowish) epipedon either naturally or under human 
influence (Brady, 1974; Sanchez, 1976). Both Inceptisols and Entisols orders, being 
located on the hillsides and having a fragile structure, are the most vulnerable to 
accelerated erosion by surface runoff once the vegetative cover is removed. Most of 
the shifting agriculture in Central America and Honduras is practised on these types 
of soils. (Leonard, 1987). The equivalent classification according to the FAO's Soil of 
the World map, could be that Inceptisols are equivalent to Cambisols and the EntlSo1 
could fall in the order of Regosols. 
Also in the highlands, but occupying a restricted area, are the Mollisols (Latin mollis: 
soft). The Mollisols are distributed east to west along the central regions of the 
country on hillsides and valleys of intermediate altitude. These soils are characterised 
by having a surface horizon dermed as mollic which is high in organic matter, dark 
brownish, thick, and soft when dry (Brady, 1974; Sanchez, 1976). 
On the eastern side of Honduras, an important area, running from the Caribbean coast 
towards the Nicaragua border, is covered by the UItisols order. The UItisols (Latin 
ultimus: last) are described as typical mature tropical soils which are usually moist 
and develop under warm environments. These soils are characterised by a well 
developed profile which includes highly-weathered argillic (clay) horizons which are 
commonly either red or yellow in colour due to their iron oxide content. UItisols are 
developed on old surfaces covered by forest or savannah. (Brady, 1974; Sanchez, 
1976). 
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The Andisols (from volcanic ash) are restricted to areas of recent volcanic activity. 
The Alfisols are described as soils having grey to brown surface, contain an illuvial 
horizon (argillic or natric) and medium to high base status (Brady, 1974; Sanchez, 
1976). The AlfIsols in Honduras occupy a small area and are located near the Gulf of 
Fonseca and around the Lake ofYojoa. Both types of soils, Andisols and Alfisols, are 
normally highly productive (Elbow, 1989). 
The soils of Honduras were classified by the University of Comell (undated) into six 
major soil Orders according to the U.S. Soil Taxonomy system (see Table 4.2). The 
distnbution of these soil orders is presented in a map accompanying the study, 
although the scale (1:2 000 000) is a limiting factor. The Soil Orders of Honduras map 
shows that the soils are not uniformly distributed and similar soil orders are scattered 
as if they were developed under very specific environmental conditions. This also 
reflects the intensity of geological activity that has taken place over time. The 
dIStrIbution may represent as well the variable stages of development of soils which 
can be related as catenas. These catenas present younger soils nearer to the top of the 
hillsides and the most mature soils on floor valleys or on river terraces where the 
disturbance has been minimal and all sorts of biological activity have been more 
intense. 
Table 4.2. Major soil orders in Honduras t. 
Soil order Surface area, km' 
Alfisols 2476 
Entisols 37237 
Inceptisols 31716 
Mollisols 12550 
Ultisols 23678 
Andisols 3479 
t Source: Map of SOli Orders of Honduras, Cornell Umverslty (undated) 
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4.3 Climate in Honduras 
In Honduras, as in most parts of Central America, altitude is a major influence on 
temperature. The climate of Honduras comprises: i) the coastal lowlands which are 
hot and wet along the northern coast but much drier on the Pacific coast; and ii) the 
upland interior which is cooler and receives variable rates of precipitation. The 
average temperature in the coastal areas is 31 0 C while in the interior uplands it is 260 
C (Canales, 1995). The climate types in Honduras can be classified according to the 
Koppen's system, as follows: 1) in the highlands the predominant climate zones are 
the Mesothermal highland types Cw, Cwi or C"?!i; 2) in the Caribbean lowlands, the 
most important climate type corresponds to the Tropical Monsoon, Am, and to a lesser 
extent to the Tropical Rainforest type Af; 3) the Pacific coast is dominated by the 
Tropical "Wet and Dry" typeAw. (West, 1989). 
In Honduras, the rainy season (popularly called invierno - winter) extends from June 
to October although this varies in length and total volume. The dry season (or verano 
- summer) usually extends from December to April, but there is not a clear 
differentiation along the Caribbean coast. The northern coastal lowlands are wettest, 
with an average of nearly 3 000 mm a·I, while the Choluteca region and some upland 
valleys in the interior receive less than 1 500 mm a-Ion average (The Diagram Group, 
1985; Canales, 1995). Due to the orientation of the main mountain systems and to the 
location of the country within the influence of the Inter-tropical convergence system, 
landscape orientation has an important influence on the amount of rainfall received on 
either side of the mountains. Those areas facing the rainbearing winds (windward) 
will receive higher amounts of rain than those located to leeward (Leonard, 1987; 
Zuniga, 1990). 
In an attempt to classify rainfall patterns in Honduras, Zuniga (1990) described 11 
groups (Table 4.3) taking into account the distribution of rain and the months with 
both the maximum and minimum volume of rain. According with Zuniga (1990), 
most of Honduras is under the influence of two rainfall systems (Nos. 6 and 11 in 
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Table 4.3) which are characterised by a well defined rain period running from June to 
September, interrupted by a short dry interval typically occurring in July. 
The number of days with rain varies across the country and is lower on the Pacific 
coast than in the Caribbean lowlands. The lowest number of rain-days (l05) occurs in 
Choluteca, on the Pacific Coast, and the highest (179) is in La Ceiba, on the Atlantic 
Coast (Zuniga, 1990). The length of the rainy season is crucial in agricultural terms as 
it defmes both the length of the cropping season as well the feasibility of having two 
crops in a year. 
Table 4.3. Rainfall regimes in Honduras (after Ziiniga, 1990) 
Number Description 
1 Very wet with rainfall in winter, similar to Koppen's "Af' class 
2 Very wet with irregular rainy season 
3 High rainfall, tropical 
4 High rainfall transitional 
5 High rainfall from windward. semi-seasonal 
6 High rainfall, uplands 
7 Low rain with a dry winter (similar to Koppen's Aw class) 
8 Low rain with rainy winter on hillsides at downwind 
9 Transitional low rain 
10 Uplands at leeward direction 
11 Rainy with dry winter 
4.4 Vegetation in Honduras 
Honduras is rich in vegetation resources and still holds one of the biggest areas of 
undisturbed rain forest in Central America. Around half of Honduras is covered with 
tropical or mountainous forest, including cloud-forest. Mangroves dominate on 
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swampy lowlands of both coasts. In the Choluteca region to the south, zones of 
savannah grasses occur on flat land while deciduous trees occur on the hillsides. In 
the high mountains, stands of pines and oak forests are the most common vegetation. 
Upland forests in Honduras are mainly dominated by different species of conifer. 
(Elbow, 1989). 
A description of natural vegetation in Honduras was given by Molina (1964). The 
most important species were the following: Abies guatemalensis Redher, which was 
widespread in the highlands; the genus Pinus L, and four of its more commonly found 
species: P. ayacahuite Ehreberg (pino blanco or pinabete); P. caribaea Morelet (pino 
costeilo, pino colorado or pino curtidor); P. oocarpa Schiede (pino ocote); and P. 
pseudostrobus Lindl (pino blanco de altura). Molina also described the species 
Podocarpus oleifolius D. Don (cipr6s real or cipr6s de montaila), Taxus globosa 
Schlecht (cipr6s colorado) and Cupressus lusitanica Miller (cipr6s). 
4.5 Deforestation in Honduras 
In Honduras, land clearance was carried out in both lowland and highland prior to the 
first Spanish invasion (Sharer, 1994). But as long as the demand for agricultural or 
forest products was stable, the damage done to the environment was not permanent. 
Recent deforestation rates in Honduras are put at around lOO 000 ha a·1 (Leonard, 
1987). Reports on the amount and effect of deforestation may reflect a foreign 
appreciation of the effect of agriculture on the landscape. For example, Wise (1958) 
reported that in Honduras "Vast areas of land in the central and western regions have 
already been destroyed as a result of injudicious land use, particularly through the 
cultivation of corn and other annual crops without making use of contour planting or 
other measures to check erosion". Wise blamed the peasant farmers for the 
destruction of the forest resources and declared that ''following the current rate of soil 
degradation, Honduras may face a ruined situation". Later, Thorton (1966) mentioned 
that: ''Rapid destruction is being made in the present forests by lumbering increases 
and the Milpa system of agriculture". 
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In the highlands of Honduras, recent increases in land clearance may have been 
carried out by wood-mill companies for wood and lumber products rather than by 
farmers opening new land for agriculture. By the year 1974, the number of marginal 
farms of5 ha or smaller was 124781, which represented a 40 % increase compared to 
1952 (Thorpe, 1991). But over the same period the area occupied by these farms 
increased by only 18 % (202533 ha in 1952 and 238 993 ha in 1974). This indicates 
that small marginal farms became even smaller and a small amount of new land was 
incorporated into that devoted to agriculture for small holders. This is at odds with the 
claim that the current rate of deforestation is around 100 000 ha a-I and that some 47 
million cubic metres of wood were extracted between 1989 and 1991 (Honduras This 
Week, 1993). Recent estimates of deforestation estate that nearly 50% of all original 
forest is lost, and that a rate of 100 ha of forest are lost every day (Aceituno, 1994) 
It may be possible that the figures given by the National Census and presented by 
Thorpe (1991) were wrong or that the farmers, practising shifting cultivation, report 
only the current land being used and not the land left under fallow. But it is quite 
possible that the size of land holdings has been diminishing and that, as a result, high 
pressure has been put on the land thus accelerating the degradation of the land as the 
fallow period for natural recovery of the SOIls is reduced. 
In an move to halt accelerated deforestation, a new law was introduced by the 
government of Honduras in 1994. The law reverses a previous decree which stated 
that the government's Corporation of Forestry Development had the right to manage 
all the country's forests, both private and public. The government is owner of 50% of 
pine forests and 95% of the tropical hardwood (Aceituno, 1994). However, a problem 
appears to be the lack of knowledge on forest management and the fact that, 
traditionally, most deforestation is carried out for agricultural activities or rising 
cattle (Aceituno, 1994). 
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4.6 Soil erosion studies in Honduras 
There have been relatively few studies in Honduras devoted to erosion processes on 
hillsides. In studies on the effect of prescribed fire on natural forest carried out by 
Hudson et al. (1983a&b) at the ESNACIFOR near Siguatepeque, the 'burnt' forest 
had a mean soil loss (2.43 kg ha·1 day·l) 22 timeJ higher than that of natural forest 
(0.11 kg ha·1 day·I). Prescribed fires are intended as a measure to prevent widespread 
wild fires by means of burning the understory and litter as sources of accumulated 
fuel 
From those studies available some have been conducted as part of a risk assessment 
on and around watersheds feeding the El Cajon and El NlSpero hydroelectric 
complexes (Mejia, 1988; Molina, 1989; Zavgorodnaya, 1990; BonilIa 1991, quoted in 
Mlkhailova, 1995). Studies on both watersheds were conducted for estimating the 
impact of the construction of the hydroelectric dam and the land use on soil erosion. 
Reported erosion rates ranged between 4 t ha .Ia ·1 to 1965 t ha .Ia ·1 in the watershed 
of the river Palaja. Estimated annual erosion rates from the study carried out around 
El Cajon, located Southeast of San Pedro Sula, ranged from as low as 17 t ha·1 a·1 in 
San Jose up to 57 t ha·1 a·1 in Humuya Bajo. These figures were estimated using the 
Universal Soil Loss Equation, but no research is reported to have been conducted in 
parallel Given the fact that the USLE was developed for a very different environment 
than that of Honduras, the accuracy of the results may be questionable. 
A study for derming the USLE factors for maize cultivated as a single crop, maize 
intercropped with sorghum 'maicilIo' and maize on burnt residues, is being conducted 
by the University of New Mexico in a collaborative project with LUPE (Land Use 
Productivity Enhancement) Project. The site is located in Namasigue, Choluteca, 
close to the southern coast of Honduras. The author went to visit the site in June 1995 
(during the first year of experimentation), but no results are available. 
In an attempt to provide tools for assessing soil erosion in Honduras, Mikhailova 
(1995) developed a multiple regression approach for estimating the USLE R factor. 
HONDURAS AND EXPERIMENTAL SITE 4.79 
The resulting model uses average annual precipitation and elevation for estimating R 
Mikhailova (1995) found that an inverse relationship exist between R and elevation, 
and argued that a possible explanation is the reduced mean raindrop diameter which, 
in turn, deliver a low kinetic energy. The reason for raindrops being of relative 
smaller diameter at high altitude (>1000 m above sea level), is "the absence of 
pronounced accretion" and reduced raindrop coalescence as the distance between the 
clouds and the ground is comparatively shorter. A map for Honduras showing the iso-
erodent values of R was then prepared. The model recommended for areas such as the 
one where this study was established, takes the following form: 
R = 7.0001 P • 2.7190 E • 699.3 ............................... Equation 4.1 
where R is rainfall erosivity (M J mm ha·1 h·1 a·\ P is annual precipitation (mm), 
and E is land elevation (m). 
L6pez-Pereira (1990) conducted a socio-economic study in order to evaluate two 
technologies for erosion control on hillsides around the Choluteca area, south east 
Honduras. The conservation technology evaluated consisted in: stone-walls, and 
ditches combined with permanent legume trees. L6pez-Pereira (1990) concluded that 
both technologies were highly profitable and presented a sound opportunity in 
intensifying the use of hillsides for agricultural crops. Furthermore, L6pez-Pereira 
(1990) relate the adoption of conservation technologies with improved farming 
technology (conservation farming). This might be reflected in better productiVity and 
income returns for those marginal farmers. 
Arellanes (1994) evaluated the adoption of minimum tillage (labranza minima) 
among hillside farmers in the vicinity of San Juan de Flores (Cantarranas). The 
author found that factors such as ownership of land, availability of water supply for 
irrigation, and the steepness of the land were the most important aspects considered 
by farmers in defming the likelihood for adoption of labranza mfnima. Arellanes 
(1994) also reported that a number of conservation techniques might follow or 
precede adoption of labranza mfnima. Those are the use of green manure and the use 
of leguminous cover crops to generate additional organic matter in situ. 
------------------------------------------- -------- -
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A project led by Silsoe Research Institute has been studying the effect of live barriers 
(using vetiver grass - Vetiveria zizanioides L.- as a means of encouraging infIltration 
and soil sedimentation on plot hedges) since 1994, and the use of leguminous cover 
crops intercropped with maize since 1995 (Sims and EIlis-Jones, 1993; Sims et al .• 
1994a.b&C; Sims and Walle. 1995). The project has 4 sites around the municipality of 
Guinope and one site in Tatumbla, Francisco Morazan. Close collaboration has been 
established with the farmers who have been co-operating with the project for 3 years. 
4.7 Criteria for choosing the experimental site 
In order to fulfil the objectives of this study. a search for an appropriate site was 
conducted in the Guinope hillside area early in 1994. As the experiment was aimed at 
improving the situation of agriculture on small farms. it was necessary to step outside 
Escuela Agricola Panamericana and fmd a site within the vicinity. The following 
criteria were used in choosing a location for the experimental work: 
i. The local farmer should understand the basic research components and practices to 
be applied, as well as have a willingness to cooperate throughout the duration of 
the research. Labour inputs and the loss of production on land used for the research 
should be compensated, but without creating a dependency on external funds as a 
source of income (Chambers et aI., 1989) . 
ii. The site should be representative of the region in having: Slope angle >6 deg but < 
30 deg, the former being too low for significant erosion and the latter too steep for 
agriculture. These limits were adopted after studying the topographical maps and 
visiting the area and concur with the recommendations of Sims et al. (1994a). 
iii. The site should. as well as having available forest in natural and fIred condition. 
consist of recently opened forest land having: high natural soil fertility in order to 
sustain traditional rainfed maize as well as the leguminous crops to be used as 
cover; no evident signs of soil erosion in order to allow the degradation and/or 
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conservation processes to be documented; and a range of slope angles to facilitate 
variation of slope as part of the experiment. 
iv. The geology of the site should be as unvarying as possible given the fact that this 
is a volcanic terrain with inevitable litho logical variation (Canales, 1995); the 
experiment should be established within the same soil unit of classification. 
v. The site should receive the influence of Atlantic weather systems, the main source 
of rain storms in the region ie. the site should be ''windward'', where the chances 
of receiving convective rain are higher rather than to "leeward" (Zuniga, 1990). 
vi. The site should be located near to a main (dirt) road giving accessibility at all 
times; this would also be useful because local farmers would be able to assess the 
development of the experiment during field demonstrations. 
vii. The site should be protected against grazing animals by means of a wire fence. 
viii. In order to secure the continuity and potential extension of the technology, it was 
considered important to fmd a farmer participating in the regional agency LUPE 
(Land Use Productivity Enhancement) project. This project is widely funded by the 
United States Agency for International Development (USAID) and is administered 
by the Honduras Ministry of National Resources. 
4.8 Characteristics of the experimental site 
The project was established in the centre of the country in the upland agricultural area 
of Guinope, El Paraiso District, at the village of Los Lovanderos. The site chosen to 
establish the experiment offers both agricultural and forest land within a small area 
that is readily accessible from a dirt road. The experimental site is located 26 km from 
the Escuela Agricola Panamericana on a dirt road to Guinope (Figure 4.3). The 
altitude of the site is approximately 1500 m above sea level and the latitude and 
longitude are 13° 55' North and 86° 57' West, respectively. 
I.AREVALO-MENDEZ 4.82 
The municipality of Guinope covers an area of 204 km
2 
and has a population of some 
5500 in 1400 families; around 80% of population is engaged in agriculture. The 
Guinope municipality is a mountainous area with many summits rising to heights of 
1800 metres above sea level (Figure 4.4). 
Most of the agricultural land, 60%, is located on slopes of less than 9 deg with the 
remainder being on slopes between 10 deg to 25 deg, but there are hillsides with 
slopes steeper than 30 deg. Agriculture is generally practised on slopes with a gradient 
under 25 deg. A larger surface of the agricultural area is occupied by subsistence 
production of maize and beans, which are cultivated mainly under rainfed conditions. 
Cash crops are produced under irrigation but occupy only a small area. Some fruit 
trees are found in the vicinity such as orange, peach, banana, apple, coffee, guava, 
lemon, etc. of these, only coffee and oranges occupy a significant area and their 
production is for the national market. (Sims and Ellis-Jones, 1993; L6pez et al., 
1996). 
The experiment is located at a site known as La Poza del Venado (The Deer Pond). 
The land belongs to Sr. Mauro Rivera who in 1994 started working for LUPE as a 
''productor enlace" (link farmer). Sr. Rivera had received training on different 
subjects such as: simple soil conservation practices (contour live barriers of vetiver or 
king grass), agroforestry, weed and pest control, introduction and management of 
alternative cash crops, improving living conditions at both household and community 
levels by means of the construction of latrines and improving lumber stoves. Sr. 
Rivera's duties are to pass on to his neighbours the knowledge he had received and 
give them advice in the event that problems with their crops arise. This kind of 
extension work is very important as there is very little direct involvement from 
government in providing farmers of marginal lands with technical support through 
traditional extension agencies. According with the amount and use of his available 
resources, Sr. Rivera's land holding could be classified into a ''family-farm'' which is 
described as having enough land to support a family at a satisfactory standard of 
living through the work of family members (Leonard, 1987). 
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Figure 4.3. Location of the research site in Los Lavanderos, Guinope, Honduras. 
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Gv lnope"s Noun t.o In ous Areo 
Experimental site 
Gv lnope rs Noun t.o to ous Areo 
Guinope 
Figure 4.4. Altimetric representation of the mountainous area around Guinope, 
Honduras. 
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4.1.1 Landscape and Geology 
The area surrounding La Poza del Vel/ado is characteristic of the Guinope 
municipality in terms of land slope and aspect (plate 4.1). The experimental site is 
located on a hill facing towards the ast. The topography of the experimental site is 
rolling with short stretches of uni form lope; lope angles ranging from 4 deg up to 20 
deg; but the maximum length of the steepest slope is 30 m. The whole area dra ins 
towards the Valley ofYuscaran and contributes to the River Choluteca 
Plate 4.1. Landscape of the site. 
The geology of the area as described by Canales (1994) consists of the Padre Migllel 
series (described in Section 4.1). During field visits to the experimental site, it was 
possible to observe that the area had been under the influence of strong geological 
forces, as signs of torsional failures are visib le in road cuts. Near to the experimental 
site, there is clear evidence of faulting. 
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4.8.2 Soils 
4.8.2.1 Soil classification and profile description 
The soils in and around the experimental site are probably derived (rom sedimentary 
rocks (sandstone or mud stone) that overlie a lithic contact. The so ils were developed 
on topography that varies (rom rolling to mountainous. They are predominantly 
poorly developed and class ified as Inceptiso ls and Entiso ls acco rding to the map of 
Soil Orders of Honduras, prepared by the University of Cornell (undated). Those soil 
Orders are equi va lent to the Cambiso l or Regosols types acco rding to the 
classification of FAO (FAO/UNESCO, 1971 ). 
The so ils in the experimental site are telllatively classified as liThic Udorrhenls 
according to the U.S. Soil Taxonomy system 7tl' Approach (USDA, 1975b). This so il 
develops under a wet climatic regime, with co mmon (Onh) features. It fal ls into the 
Entisol Order because of its poorly developed profile. 
The so ils in the experimental site, both under agriculture and forest , were described 
from pits of 60 cm in depth. A total of 7 pits were opened and their profi les were 
described. Two pits were located under each of the natural and fired forest areas, 
another three were located in the agricultu ral area depending on the ground-slope (one 
pit was located on each 6 deg, 11 deg and 18 deg slopes). The general featu res of so il 
profiles under forest and agriculture are presented in Plates 4.2 and 4.3, respectively. 
The soi l parent material is sandstone which is yellow to reddish in co lour. All so ils 
presem a colour gradation being darker near the surface (as an evidence of high 
content of organic maller partially decomposed or already humified), but the colour of 
the soil becomes lighter with increasing depth. 
The soils under natural forest clearly showed a humus layer and evidence of biotic 
activity above the mineral horizon. Such a humic layer was not very obvious on the 
agricu ltural so ils, whilst a layer of ash was observed on soils under the fired forest. 
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0-2 cm; humus and litter; Black 7.5 YR2/0 
-- 2-4 cm; Ah; Dark brown; IOYR3/3; pH 4.97 
4-20 cm; A; Dark greyish brown IOYR412; pH 5.45 
20-37 cm; B; Brownish yellow 10YR6/6; pH 5.28 
37> 60 cm; C; Yellow lOYR7/6; pH 5.07 
Plate 4.2. Typical soil profile under forest condition. 
0-18 cm ; Ap; Dark grey IOYR411; pH4. 80 
18-30 cm; B; Brownish yellow IOYR6/6; pH 5.20 
>30 cm; Yellow; IOYRS/6; pH5.14 
Plate 4.3. Typical soil profile under agriculture condition. 
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All profIles are highly permeable and showed high porosity with voids of different 
sizes. The structure of the forest soil was medium granular and less compacted than 
that under agriculture; the soil structure is weakly developed. which. together with a 
soil texture low in clay to act as bonding material. makes them prone to erosion by 
running water (Cerda et al .• 1995; Garcia-Oliva et al .• 1995). 
According to the description of soil profiles in both forest and agricultural areas. the 
thickness of the A horizon was around 20 cm. The lower limit of this horizon was not 
strongly differentiated or constant in depth. In forest soils. there was evidence of the 
development of an illuvial horizon. B. with concentration of migrating clays at 
variable depths but mainly at around 20 cm. However. such a B horizon was not as 
evidently present on soils under agriculturallanduse. Instead. there was a superficial 
horizon already mixed down to some 15 cm as a result of the ploughing activity. The 
C horizon had an irregular upper contact with the B horizon. The C horizon consisted 
of sandstone which was predominantly wet throughout its profIle. No strong evidence 
of biotic activity was found in the C horizon. although roots of trees and shrubs are 
common. 
4.8.2.2 Soil physico - chemical characteristics 
At the beginning of each of the cropping seasons of 1994 and 1995. four composite 
soil samples were taken from each of the plots used in the experiment. As a general 
rule. one sample of each depth (0 to 10 cm and 10 to 20 cm) was obtained to represent 
, 
the upper and lower areas of each plot. The sampling procedure was similar to that 
described by Rowell (1994) for sampling using augers. The composite samples were 
obtained with a ''Dutch'' auger. Each composite sample was integrated from ten sub-
sites. The following procedure was repeated at each plot: a minimum of ten sites. on 
each of the uppermost and the lowermost quarters of the plots were randomly 
sampled; each of the 10 sub-samples consisted of approximately 50 g. these were 
mixed together to create a composite sample. for each depth and each area within the 
plot. The samples were then subject to chemical analyses in the laboratory at EAP. 
Subsamples were returned to the UK for analyses of soil texture. Results from the 
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chemical analyses are presented in Table 4.4 for samples corresponding to 1994, and 
in Table 4.5 for samples corresponding to 1995. 
Soil texture is described in Table 4.6. The procedure for assessing soil texture is as 
follows: soil particles of sizes greater than 250 microns were obtained using a nest of 
sieves of the following mesh sizes: 4 mm, 2 mm, I mm, 750 1lIn, 500 1lIn, and 250 
Ilm). Particle size finer than 250 Ilm was obtained by the SediOraph X- ray analyser 
(Micromeritics Ltd.). Soil organic matter was removed with H2<h at 20% 
concentration at 20· C for a period of at least 48 h. The soil was then dispersed and 
suspended using a mixture of "calgon" at a concentration of 0.2% in dionised water. 
The choice of chemical analyses (ie. pH, organic matter content, available K, and 
available P) was based on the minimum set of chemical descriptors needed to defme 
the nutrient status of the soil (Melich, 1980). These chemical analysis provide 
information on the degree of acidification of soils (expected to be high in forest soil 
according to Ruthenberg, 1980; and Sanchez" 1976), and the potential of SOlls to 
sustain an agricultural crop (Brady, 1974). 
Information about soil chemistry was also considered a way of establishing the level 
of soil degradation by agriculture practice (for unprotected treatments). Or, as 
leguminous cover crops are part of the experimental treatments, it was considered 
important to evaluate the increase in organic matter content and the increase on the 
availability of N as an effect of the expected interaction between the roots of the 
legumes and rhizobium (Oiller et al., 1994). However, it must be acknowledged that 
lack of funding prevented processing the final samples corresponding to October 
1995. Thus, the only results available are those corresponding to the beginning of the 
research (24 May 1994) and those of the beginning of the second season (1 June 
1995). 
Results from the 1994 tests showed that the soil under natural forest has higher 
content of organic matter (OM) than the agricultural and fired forest soils. However, 
under both situations (forest and agriculture) the levels of available nutrients is poor. 
This implies that the actual use for agriculture has to be restricted to few cropping 
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cycles. (Tiesseo et al., 1994; Leblond and Guerin, 1983). The agricultural soils of the 
experimental site are strongly acidic at both depths. 
Table 4.4. Properties oC soil sampled 00 24 May 1994. Average oC two samples 
Cor each soil depth. 
Dee.th 0-10 cm 
Soil put O.M.* % P·ppm K·ppm 
MA6deg 4.71 4.69 13.15 108.50 
MC18deg 5.02 5.56 6.50 54.03 
MA18deg 5.13 5.72 7.50 128.50 
MM18deg 5.26 5.97 8.50 156.50 
MC 11 deg 5.24 4.20 8.00 104.00 
MAll deg 4.98 4.17 10.00 102.50 
MMll deg 4.91 3.87 15.50 78.50 
Fired Forest 5.41 5.62 3.03 153.0 
Natural Forest 5.34 6.48 1.60 168.50 
Dee.th 10-20 cm 
Soil put O.M.* % P·ppm K·ppm 
MA6deg 4.75 2.05 0.90 58.50 
MC18deg 5.26 1.42 0.45 76.50 
MA18deg 520 1.36 0.50 59.50 
MM18deg 5.33 1.45 0.70 68.00 
MC 11 deg 5.28 1.32 0.55 65.50 
MAll deg 5.04 1.39 0.50 71.00 
MMll deg 5.11 1.35 2.50 71.00 
Fired Forest 5.19 '2.24 0.60 83.25 
Natural Forest 5.41 2.62 0.80 125.75 
t pH determined in H20; ON total by micro-Kjeldahl; * Organic Matter by the Walkley and Black 
method; • Mehlich·I extractable P and K (BAP, 1993) 
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Table 4.5. Properties of soil sampled on 1 June 1995. Average of two samples for 
each soil depth. 
Depth 0 to1O cm 
Soil pH' N·% O.M.' % P·ppm K·ppm 
MA6deg 4.94 0.110 4.73 10.50 87.50 
MC18deg 5.27 0.080 3.52 2.50 66.00 
MA18deg 5.33 0.095 3.82 4.50 98.50 
MM18deg 5.23 0.085 4.03 4.50 103.00 
MC 11 deg 5.41 0.115 5.06 3.50 91.00 
MAll deg 5.44 0.095 5.30 4.50 75.50 
MMll deg 5.15 0.115 5.44 4.50 90.00 
Fired Forest 5.28 0.115 6.06 0.45 133.00 
Natural Forest 5.23 0.123 5.73 0.40 123.00 
Depth 10 to 20 cm 
Soil pH' N·% O.M.*% P·ppm K·ppm 
MA6deg 4.92 0.100 4.09 5.50 91.00 
MC18deg 5.16 0.045 2.25 1.00 63.00 
MA18deg 5.26 0.050 2.38 0.30 95.50 
MM18deg 5.12 0.050 2.25 0.95 81.00 
MC 11 deg 5.36 0.065 2.68 0.60 82.50 
MAll deg 5.31 0045 1.89 0.70 76.50 
MMll deg 5.24 0.080 3.06 1.50 84.00 
Fired Forest 5.27 0.075 4.35 0.50 98.75 
Natural Forest 5.36 0.070 3.89 0.40 122.00 
, pH determined in H20; ON total by micro-Kjeldahl; I Organic Matter by the WaIkley and Black 
method; • Mehhch·I extractable P and K (EAP, 1993) 
At the beginning of the experiment, the soils under agriculture and fIred forest had 
higher content of available P than those under natural forest. In particular, a higher 
fIgure was reported for the plot on a 6 deg slope. In all cases there was an apparent 
reduction on the level of P from 1994 to 1995. Higher contents of P reported from the 
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agricultural and the frred forest soils are thought to be derived from the ashes of frred 
vegetation (Sanchez, 1976; Hudson et al., 1993b). 
The recovery of ground flora at the frred forest might be reflected in a lower content 
of soil P by the second season (1995). However, it could be that the ashes produced 
by the fife of 1994 were removed by surface wash during that season. This would 
concur with a description on the effect of runoff on nutrient losses from soils under 
f!fed forest plots presented by Hudson et al. (1983b). In any case, this situation 
describes the rapid degradation of productive capacity if the soil is to be used for 
agriculture. 
Content of K was variable at both sampling depths and dates and showed no particular 
pattern in either the agricultural or forest soils. 
The texture of the agricultural and forest soils varied from sandy-loam to sandy-clay-
loam. Soils under forest conditions had a slightly higher proportion of fmer particles 
in the topsoil layers as compared with the agricultural soils (Table 4.6). This could be 
a result of the mixing up the upper layer of soils under agriculture by means of tillage. 
The textural classification of top soil layers (0 to 10 cm depth) is given in Figure 4.5. 
Table 4.6. Soil texture on forest and agricultural top soil sampled on 24th May 
1994. 
Particle size 
<2 J.lm 60 to 2J.lm >60 J.lm to 2 mm 
Treatment Clay, % Silt, % Sand, % 
Natural Forest 28 30 42 
Fired Forest 24 28 48 
Agriculture 6 deg 21 30 49 
Agriculture 11 deg 20 28 52 
Agriculture 18 deg 19 27 54 
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Figure 4.5. Topsoil texture of forest and agricultural soils. 
4.8.3 Natural vegetation 
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The area around Guinope that is stilJ covered with natural vegetation consists of 
mixtures of trees and small shrubs typical of medium to high altitude. The forest area 
is typical of the interior mountains of intermediate altitude (Wise, 1958; Molina, 
1964). The trees are mainly conifers with Pinus ooearpa Schiede dominant, and to 
less extent, P. pseudotrobos Lindls, and P. earibaea Morelet; there are also oaks, 
Quereus sp., and cypress, Cupressus sp .. The understory vegetation includes shrubs 
(localJy called as: Amorgoso, Tatasea, Pasmodo, "Ya-te-veo", Zarza), grasses 
(Panicum spp., Cyperus spp.), broad leaf weeds (Paspalum spp., Mimosa spp., 
Evolvulus spp.), and ferns. 
It was observed that the vegetation, and especialJy the pines, were at different stages 
of development as if afforestation, either natural or human induced, has taken place at 
different times. It might be a secondary growth that occurred after the original 
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hardwood forests were cut or it might represent a plagioclase that result ITom ITequent 
burning (Leonard, 1987). 
Both natural and fired forest constitute the famer ' s land reserve in a slash-and-burn 
rotation scheme. There is a litter bed of some 5 cm depth mainly formed by pine 
needles, decomposing organic matter and humus, Under the fired forest , this litter, the 
under-storey vegetation, and most of the trees trunks and lower branches were 
destroyed as a result of the fire. 
The agricultural trial was located on an area of 4000 m2, adjacent to forest, and was in 
its second year under agriculture (Plate 4.4). The area was covered with natural 
vegetation until the beginning of 1993 when it was fired and all vegetation removed. 
In May 1993 the area was tilled on the contour and sown with maize. In 1994, when 
this project started there were no evident signs of erosion, i.e. no channels, or piping, 
or gull ies were found. 
Plate 4.4. General view of the agricultural area at La Poza del Venado. 
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4.8.4 Land use 
It is possible that the whole area of Lavanderos has been under cultivation for more 
than 100 years according to local farmers. Consequently, the forest has gone through 
a series of regeneration cycles and the oldest trees in the area are less than 50 years in 
age. It is possible that original ancient forest could have been mixtures of oak and 
conifers (Heckadon, 1992) 
Sr. Rivera's land totals some 15 ha under agriculture, which is generally used for 
producing grain maize (Zea mays L.) during the wet season, and beans (Phaseolus 
vulgaris L.) during the dry season. The best areas are devoted to the production of 
cash crops such as potatoes (Solanum tuberosum L.) and chile (Capsicum spp.). He is 
interested in diversifying the crops used as food by his family. The cash crops are 
supplemented with irrigation by means of sprinklers which are activated by water 
conveyed by gravity from a reservoir located at a distance of some 1000 m. Sr. Rivera 
very rarely applies agrochemicals to maize and bean crops, but may apply fungicides 
or insecticides as well as fertiliser to the cash crops. During recent years, Sr. Rivera 
has been using live barriers for protection in some of his fields. 
Family labour is largely used in all agricultural practices, which include: land 
preparation by means of hoes or by an ox-pulled plough every third year; sowing 
which is always carried out by hand with the aid of a hand jab locally called 
"macana"; weeding which is carried out with hoes and by hand; harvesting of maize 
cobs; trashing beans plants by hand; and the application of pesticides by means of a 
hand activated sprayer. Hired labour is used only rarely for harvesting the cash crops 
or when hand weeding is necessary. 
4.8.5 Conservation practices 
In the Guinope area, World-Neighbours, a non-governmental organisation, started an 
extension project in 1981 in order to promote adoption of soil conservation measures 
such as: drainage channels (asequias), live barriers, and the use of chicken manure as 
----------------------------------------------------------------
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fertiliser. They used a participatory approach to encourage the adoption of technology 
among the farmers (L6pez et aL, 1996). 
It appears that as long as the promoters were around, the adoption of soil conservation 
measures was successful, but as soon as they left the area, the encouragement for 
using the conservation technology disappeared. This was evident from an exploratory 
survey carried out by Sims and Ellis·Jones (1993) in the Guinope Municipality area. 
Sims and Ellis-Jones (1993) found that only between 5-10% of cropped land was 
under some kind of protection, which included: live barriers, contour planting, 
reduced and stripped tillage and leguminous cover crops. 
At the experimental site, Sr. Rivera had participated during the early stages of the 
World Neighbours project, and adopted the use of "King grass" (Pennisetum 
purpurum X P. typhoides) as live barriers as well as contour planting. These barriers 
have provided protection to the soil and had helped build terraces which have a base 
of 50 cm or more in some places. The effect of these barriers is noticeable when 
comparing the productivity of these terraces against unprotected and relatively more 
recent opened soil A detailed study of this and other similar treatments is being 
carried out by Sims and Walle (personal communication). 
However, Sr. Rivera had not used any cover crops previous to the current study, 
although he was aware of the advantage of using them as a result of his training by 
LUPE. After explaining the basic concepts and potential outcome of our research, Sr. 
Rivera was keen to participate as he sensed an opportunity for demonstrating to his 
fellow farmers the advantage of the technology. 
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5. METHODS 
5.1 Runoff plots 
The importance of quantifying soil erosion and runoff in relation to existing and new 
fanning systems for different slope gradients has been highlighted by La1 (l988b) 
who considered that erosion can be measured on hills lopes using field runoff plots in 
agricultural watersheds. Runoff plots can be used for demonstration, for comparative 
studies or for obtaining data to construct or validate a model or equation to predict 
runoff or soil loss. Measurements of total and/or rate of runoff as well as total soil loss 
or sediment production are the common outcome of deploying runoff plots (Hudson, 
1993). 
A broad classification of runoff plots might be based on whether they are exposed to 
natural or simulated rainfall Runoff plots under natural rain have been in use in the 
USA since the beginning of the century (Moldenhauer and Foster, 1981). Simulated 
rainfall is often preferred due to the unpredictability of natural rain, but the 
disadvantage of simulators is that they are expensive to build and require large 
amounts of labour (Hudson, 1993). Simulated rainfall has been extensively used for 
defming the components of the Universal Soil Loss Equation (USLE) (Meyer, 1988). 
Natural rainfall can provide sound information as it is variable in both space and time 
and presents a great variability and scatter in the energy-intensity relationship 
(Moldenhauer and Foster, 1981) especially under tropical conditions. Also, natural 
rain can provide a better estimation of the soil USLE ero~ibility factor, K (Lal, 1988; 
Mutchler et aI., 1988), which is important in tropical zones (PIa Sentis, 1981) where 
the total volume of rainfall and its intensity can be several orders of magnitude larger 
than in temperate regions (World Weather Records, 1966). 
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The size of runoff plots depends largely on the objectives of each study. Classification 
of runoff plots according to size differs among authors, but, in general, the runoff 
plots can be identified as: a) microplots, ranging from 0.2 m2, up to few square 
metres; b) small-scale plots of up to 100 m2, including the USLE standard plot (22.12 
m long by 1.83 m); and c) large-scale plots, watersheds or unit-sources of more than 1 
ha (Moldenhauer and Foster, 1981; Mutchler et al., 1988; Hudson, 1993). 
Soil erodibility determination on large plots with natural rain is time-consuming and 
expensive (Hudson, 1993). However, relatively small runoff plots may provide 
reliable information for comparing the effects of soil and crops management practices 
(Borst and Woodbum, 1942; Box, 1981; Chinene et al., 1990; McIssac and Mitchell, 
1992; Meyer and Harmon, 1992; Sur et al., 1992; Dabney et al., 1993; ZObisch et al., 
1995), changes of vegetation (Abrahams et al., 1995; Parsons et al., 1996), rill and 
inter-rill erosion (Parsons et al., 1990; Norton and Brown, 1992; Abrahams et al., 
1996; McIssac et al., 1996), or for characterising parameters related to the rate and 
volume of runoff in relation to losses of nutrients or agrochemicals (Cervantes and 
Vahrson, 1992; Edwards and Daniels, 1993; Haider, 1994; ZObisch et al., 1995) and 
on the erodibility of steep hillsides under forested conditions (Hudson et al., 
1993a&b). 
Mutchler et al. (1988) mention that the greatest justification for small plots is their 
utility in studying the basic aspects of soil erosion in detail. A researcher can control 
the parameters of the erosion process more closely on small plots than in large ones. 
Experiments using small plots are justifiable if the anticipated results have a planned 
application. In most cases, these experiments provide basic concepts and knowledge 
required for efficient development research. It is considered that the size of the plots 
used here provided opportunity to study rill and interrill runoff and soil detachment. 
The development of gullies was not possible. Besides, development of gullies requires 
that large extensions of land are exposed at one time to the effect of rains (Auzet et 
al., 1995) and in any case, field size in Honduran steep lands is small so limiting the 
potential for gully developments. 
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5.2 Treatments 
In the current study. the impact of crop management practices on recently opened 
hillside forest has been evaluated by establishing runoff plots on forested and 
agricultural land with and without conservation farming. The runoff plots. subjected 
to natural rainfall. have been used to compare the effect of land management on the 
amount of runoff and soil loss. Treatments. described in Table 5.1. were dermed 
according to of land use (Agricultural and Forest). 
Table 5.1. Treatments evaluated in 1994 and 1995. 
Land use Status Slope, Canopy Legume crop Code 
deg plant/crop 
Forest Fired 10 Pinus None FFIO 
Forest Fired 10 Pinus None FFIO 
Forest Natural 19 Pinus None NFI9 
Forest Natural 16 Pinus None NFI6 
Agricultural 6 Maize None MA6 
Agricultural 11 Maize None MAll 
Agricultural 18 Maize None MAI8 
Agricultural 11 Maize Mucunasp. MM 11 
Agricultural 18 Maize Mucunasp. MMl8 
Agricultural 11 Maize Canavalia sp. MC 11 
Agricultural 18 Maize Canavalia sp. MCl8 
The forest treatments included natural and recently fired areas. The agricultural 
treatments were distinguished according to cropping pattern (maize alone or 
intercropped with leguminous cover crops: Canavalia ensiformis (1) DC and Mucuna 
sp.). In addition. the ground slope of the agricultural treatments was controlled at 
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either 11 or 18 degrees. A single runoff plot bearing the maize alone treatment was 
established on a 6 degrees slope. The experimental layout is presented in Figure 5.1. 
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Figure 5.1. Experimental layout 
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In the study, runoff plots were constructed using a similar technique to that described 
by Loch and Freebairn (1984) who mentioned that small plots can be enclosed by 
metal strips, and the relatively small volume of runoff can be collected either in drums 
or measured by, for example, a small tipping bucket. A significant problem is the 
degree of representativity of the response of larger areas such as a water catchment, 
and it is acknowledged that using such small plots, it is not possible to estimate the 
total runoff of the watershed (Evans, 1995). 
-----------------------------
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A total of 11 runoff plots were established: two runoff plots were established on each 
of the natural and fired forested lands, and 7 were set in the agricultural area. The 
runoff plots on the fired area were installed on land with a similar slope of 10 degrees 
(Plate 5.1A), while the plots under natural forest were located on steeper land (Plate 
5.1B). The reason for the inconsistency was the availability of suitable land in the 
vicinity. Fired woodland was being prepared for agricultural use while the natural 
forest on higher slope was being preserved as the possible last source of land for the 
farmer's rotation scheme. The downslope length of the runoff plots was decided as a 
function of the typical distance (6 to 8.5 m) between live (contour) barriers of grass 
(Vetiveria zizanioides (L.), Pennisetum spp.) that have been introduced in the hillside 
area of Guinope following the recommendations made by the Honduran Land Use 
Productivity Enhancement Project (LUPE) Secretaria de Recursos Naturales (Ministry 
of Natural Resources) (SRN, 1994), and also reported by Sims et al. (1994a). 
In this study, the basic runoff plot consists of an area of 14 m2 defined by a downslope 
length of 7 m and a width of 2 m, delimited by lengths of metal strip of 24 cm in 
height (Plate 5.2). The metal strips were carefully pushed into the soil to a depth of 10 
cm in order to effect as little soil disturbance as possible but so as to provide a barrier 
to both overland flow and shallow plough-layer interflow, so delimiting a small 
catchment area. Soil was carefully pushed at surface level around the boundary strips 
in order to prevent any leakage. A gutter of the same material was placed at the 
bottom of each plot to collect the runoff. After considering the importance of flow 
paths, especially those in ploughed soils (Reid et al., 1990; Twomlow et aI., 1990), 
the lip of the gutter was inserted 5 cm below the local soil surface. By doing this, it 
was expected to tap not only overland flow but also plough layer interflow. The gutter 
was covered with a plastic sheet to prevent rain faIling directly onto it. The gutter 
outlet was connected to PVC pipes of 2.5 cm diameter and 10 m length. Runoff was 
conveyed to and collected in 200 litres drums. During the study period every effort 
was made to maintain the integrity of the research plots. In year I, the site was 
ploughed across the contour to a depth between IO and 15 cm). In year 2. cultivation 
was minimal using hand hoes to a depth that ranged between 5 and IO cm. No plough 
layer water flow was observed. 
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Each plot of maize intercropped with a legume had a surrounding buffer area of 90 m2 
planted with the same treatment (Plate 5.3). This helped reduce boundary effects 
when measuring either the effect of treatments (e.g. through interception) or crop 
yields (Kang and Moorman, 1977; Bartoly et al., 1995). 
Notwithstanding the fact that replication of treatments is necessary for reducing bias 
in the estimates of runoff (Hudson, 1993), restrictions in the actual size of the 
agricultural area available at the experimental site, made it impossible to replicate the 
treatments without compromising the minimum size of the runoff plots. Instead of 
replication, the experiment was designed to test a number of 'response surfaces' 
following a technique similar to that described by Cochran (1957) and Cox (1981). 
This type of analysis is one where the response variable, y, is an unknown function of 
several predictor variables and particular interest lies in the maximum or minimum 
value of y (Chatfield, 1995). In this case, runoff and soil loss are response variables YI 
and Y2, while the independent variables are volume and intensity of ramstorms, 
percentage surface covered, derived erosivity indices and antecedent soil moisture. 
A paired t test was used for assessing significant differences among treatments, valid 
comparison being between management treatments (i.e. maize alone against maize 
with either legume) within the same slope angle, and between the same management 
practice on different slope angle (Le. maize alone on either 6 or 11 deg vs. maize 
alone on 18 deg). According to OIson et al. (1994b), paired comparisons within a field 
on a similar landscape position, work best in relatively young landscapes with 
documented cropping history. In the same way, one way analysis of variance was 
carried out on the response variables to seek significant differences among treatments. 
The response variables to be used for comparison are the total volume of runoff and 
the amount of soil being lost during each rainstorm. 
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A) 
B) 
Plate 5.1. Natural (A) and fired forest (B) areas at the experimental site. 
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Plate 5.2. Runoff plots, installation. 
Plate 5.3. Runoff plots on an 18 deg slope. 
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5.3 Land and crop management 
In 1994. the agricu ltural area was planted with maize as the main agricultural crop. 
Leguminous cover crops. were then intercropped within the maize acco rding to the 
experimental layo ut. in order to establish the ir potential impact in reducing both 
surface runoff and the rate of soil erosion. All agricultural practices were carried o ut 
by the farmer fo llowing local tradition for land preparation and the management of 
crops. 
5.3.1 Land preparation 
On 25th May 1994. fo llowing the rU'st rains of the season. the agricultu ral area was 
ploughed with a single pass o f a woodcn plo ugh drawn by a pair of oxen. The plough 
followed the contour (plate 5.4). which had been marked out using an "A" frame 
level. The working depth of the plough was 10 to 15 cm. 
In 1995. the land was again prepared following the rU'st rains of the season on the 20th 
May. This time it was necessary to prepare the land by hand using a hoe as the metal 
strips delimiting the runofr plots were already established and it was important not to 
d isturb the insta llation. This practice. however. is not uncommon among loca l farmers 
given that only 10% of farmers use draft oxen for land preparation (S ims and ElIis-
Iones. 1993). Frequently. the plough is only used prior to planting cash crops which 
give better returns than is the case of subsistence maize crops. 
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Plate 5.4. Land preparation on 25th May 1994. 
5.3.2 Maize 
The maize genotype used in this study is the local criollo commonly grown during the 
wet season with rainfall as the only water supply. It is known as Inlibl/ca which is a 
yellow grained plant that grows up to 2.2 m in height. It is well adapted to cultivation 
at temperatures characteristic of a wet high altitude environment (> 1000 m above sea 
level). Common upland varieties have a growth cycle of some 1 SO days. The criollo 
variety is also adapted to a low fertiliser application which is normal practice among 
marginal hill farmers, although higher yields are possible with the application of 
mineral fertiliser (Sims et aI. , I 994a). The aim when growing this variety is to 
produce grain rather than green stover, as the number of cattle does not put pressure 
on the forage supply and there is other green forage available during the dry season. 
Under local management practices (rainfed, low fertiliser, and no use of agro-
chemicals) average grain yield is 1000 kg ha' l (Sims et a/. , 1 994a). 
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5.3.3 Planting maize and legumes 
In 1994. maize seeds were planted on the 28th May using the farmers own seed 
variety; the planting was done following the contour previously marked by the 
plough; a "macana" (hand jab) was used to open a small hole on the so il su rface 
where 2 or 3 seeds were deposited. The layo ut was typical at approximate ly 0.5 m 
spacing between plant and 0.9 m between furrows. [n 1995. maize seeds were sown 
on the 25th May by hand following the contour as in the previous season. 
In 1994. Callavalia and Mucuna were planted on the 23rd of June just after the first 
hand-weeding was finished. Both legumes were sown by hand along the centre line 
between maize furrows; the spacing between plants was approximate ly 0.2 m. The 
plant layo ut and timiog of sowing was initia ll y based on the current recommendations 
provided by the loca l ex tension agency (Plate 5.5). 
During the fir t season in 1994. the so il was almost totally bare fo r at least 20 days 
and received about 70 mm of rain and the who le impact of raindrops. Thus it was 
dec ided to estab lish the cover crops earlier in the second year. 
In 1995. the legumes were planted on the 2nd of June ( just as the maize plants were 
emerging). This was considered to be a beller way for the legumes to provide so il 
protection by reducing the interval of time in which the maize was the only 
vegetation. In doing so. it was acknowledged that a source of variability was being 
introduced into the experiment and that comparisons between resu lts Cl·om 1994 and 
1995 would need to be appropriately adjusted; i.e. the runoff and soil loss obtained 
from the 1994 data wou ld only be comparab le to 1995 in terms of proportional crop 
development and area covered by the plants. In order to reduce such a variab ility. 
vo luntary Mucuna plants that appeared at the beginn ing of the second season (Plate 
5.6) were elim inated at the time the land was being prepared. Hand weeding using a 
hoe was carried out at 20 to 30 days after the maize was planted. [n the particular case 
of plots that inc luded Mucuna. at the time the weeds were removed. also the tips of 
the Mucuna tendrils were trimmed down to between 2 to 4 trifolia . 
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Plate 5.5. Early stages of development of legumes intercropped with maize, left 
Callavalia and right Muculla. 1994 wet season. 
Plate 5.6. Voluntary Muculla plants growing at the beginning of the 1995 wet 
season. 
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5.4 Data collection 
5.4.1 Rain measurement 
5.4.1.1 Automatic mechanical gauge 
In both years, 1994 and 1995, rainfall was measured using a Casella automatic 
siphoning rain-gauge located at the experimental site. The gauge was located on a Oat 
piece of land at 15 m below the celllral section of the experimental site (Plate 5.7). 
The raingauge has a 10 mm depth equi va lent span before siphoning. The automatic 
gauge was set to record on weekly charts from June 1994. but, as beller resolution was 
needed, from 20 June 1995 onwards it was set to record on a daily bas is. A check 
gauge was placed besides the main gauge; totals per week and per day were obtained. 
Plate 5,7. Automatic tilting-siphon Casella rain gauge at the experimental site. 
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5.4.1.2 Transducer-rain-gauge 
In addition to the Casella gauge, during the 1995 season, a rain-gauge (Figure 5.2) 
was designed for recording rainfall and installed close to the runoff plots. Its main 
component was a pressure transducer type PDCR 830 (Druck Limited) connected to a 
Squirrel Meter/Logger 1250 Series (Grant Ltd) which was set to record at 10 and 20 
second intervals. The power source was a 6 V battery. 
This electronic rain gauge was used in conjunction with transducers measuring the 
rate of runoff at the reservoirs on the steepest slope plots. A 30 cm diameter funnel 
was used for catching the rainfall which was conveyed to the inner reservoir. This 
reservoir was 10 cm in diameter and 90 cm in height, with a water proof seal at the 
lower end. This was contained within an outer cylinder of 15 cm in diameter and 100 
cm in height. The outer cylinder was driven fll'mly into the soil thus allowing the 
inner cylinder and the transducer to be removed in order to empty its contents after 
any rainfall event. Given the specifications of the inner reservoir and the intercepting 
funnel, it was possible to catch a maximum of 100 mm. 
After every rainstorm, the total volume of rain was measured and checked against the 
totals registered by the automatic siphoning rain-gauge located in the experimental 
area. Prior to any recording, a volume of 500 ml of clean water was added to the inner 
cylinder of the transducer gauge in order to ensure that the transducer probe was ready 
to record. That volume makes 6 cm of water depth which was enough to cover the 
sensor. This water level was the zero or datum point to which any further change in 
level was referred. 
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Rim 
I TI8Il!Iiblcr cable e!--lDncr cylinder 
to the data logger 
Figure 5.2. Transducer-rain-gauge 
The data logger was set to record the transducer output in mY. A dynamic field 
calibration was effected by adding water to the reservoir in exactly 500 ml increments 
and recording its corresponding output in mY. The calibration, using the 6 V battery, 
produced the following equation: 
Rv= 0.6294 * Tmv Equation 5.1 
~=O.9965 
s.e. = iO.0074 
n=12 
where: Rv is the volume, in litres, added to the inner cylinder, and T mV is the 
corresponding transducer output in mY. The equivalent rain depth, RI, was then 
obtained from: 
RI =Vr* ar·1 Equation 5.2 
where RI is the rain in mm, Viis the volume of rain intercepted in the funnel, and ae is 
the area of the funnel. Then, given that the volume intercepted by the funnel is the 
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same as the volume stored in the inner cylinder Vc: Vr = Vc, equation 5.2 can be 
written: 
RI = Vc ... ar·1 Equation 5.3 
equation 5.3 becomes RI = Vc >I< (7t>l«dl2)2rl; given the funnels diameter is 0.3 m, 
equation 5.3 is solved as: 
RI= 14.147'" Vc 
then ifVc= Rv from 5.1 above, 5.4 becomes: 
RI = 14.147 >I< 0.6294 >I< T mV, and fmally the rain depth is calculated by: 
RI = 8.904 ... Tlnv 
Equation 5.4 
Equation 5.5 
The accuracy of the transducer-rain-gauge is 0.089 mm of rain given that the 
minimum increment sensed by the transducer is 0.01 mV. 
When analysing the effect of total volume of a rainstorm on the production of runoff, 
a storm was defmed arbitrarily as one rain separated from another rain by more than 6 
hours with less than I mm of rain (Mutchler et al., 1988; McGregor et al., 1995). 
5.4.2 Runoff measurement. 
5.4.2.1 Total stonn runoff 
After any major rainstorm event producing runoff, the total volume collected in each 
drum was measured in all agricultural and forest runoff plots. The volume was 
measured using calibrated buckets; the drums were then emptied and cleaned. 
The following formula was used for correcting the runoff water volume taking the 
volume of soil sediments out: Vwi = Vri - Vsi; where: Vwi is the water volume at the 
i event, Vri is the total volume of runoff on that event, and VSi is the volume of 
solids collected from the Vri and is obtained by: Vsi = Ws >I< Ds·1; where Wsi is the 
dry weight of the soil collected on Vri and Ds is the density of solids and was 
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estimated to be as 2.4 t m·3 for mineral top soils high in organic matter. (Reid, 1973; 
Brady, 1974) 
5.4.2.2 Dynamic runoff-gauge 
In order to improve the acquisition of runoff data, pressure transducers were used for 
recording simultaneously the runoff on the three 18° slope plots (Treatments: Maize 
alone, maize plus Canavalia and maize plus Mucuna) and the rain, as described 
above. Pressure transducers have been used for measuring the water depth in flumes 
collecting runoff by Kinell (1987). 
A dynamic field calibration was carried out, which consisted of adding exactly 5000 
ml to each drum and recording the corresponding increments in transducer output in 
mV using a supply of 6 V. The equation obtained after combining and normalising the 
data from the three transducers is presented below: 
Rnf.= 30.70 * Trnfmv Equation 5.6 
?- = 0.9997; 
n=99 
s.e. = ±O.063 
where: Rnfv is the volume, in litres, added to the drum, and Tmfmv is the 
corresponding transducer output in m V. 
The equivalent runoff depth was then obtained by: 
Rnfd = Rnf. * ap•l Equation 5.7 
where Rnfd is the runoff in mm, and lip is the area of the plot (14 m2). If Rnfv is 
substituted from 5.6 above, 5.7 becomes: 
Equation 5.8 
And [mally the equation for calculating the runoff in an equivalent depth in mm is 
obtained by: 
Rnfd = 2.193 * Trnfmv Equation 5.9 
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The accuracy of the transducer-runoff-gauge is 0.022 mm of equivalent runoff depth 
given that the minimum increment sensed by the transducer is 0.01 mY. 
Rainfall and runoff information was retrieved from the logger by means of a portable 
computer after any rainstorm event causing runoff. Real time recording of rain and 
runoff allowed production of runoff hydro graphs and rain hyetographs with a high 
degree of temporal resolution. 
5.4.3 Eroded soil 
In 1994, sediment yields were assessed by an aliquot sampling method. In order to 
take a representative sample, once the runoff volume was measured, the contents into 
the drum were thoroughly mixed, then an aliquot of 2 litre was taken from each of the 
drums. The total contents of the aliquot, containing water and soil, was placed in the 
oven to dry at 105° C for a minimum period of 36 hours, to ensure a constant dry 
weight. 
The soil loss from each plot was estimated using the dry weight of the soil and the 
following equation: Wsli = 35.7 x 10-6 Wsi Ywi ; where Wsli is the soil being lost at 
the i runoff event, 35.7 x 10-6 is a coefficient to convert the data into kg m·2, Wsi is 
the dry soil weight (g) captured in the aliquot (volume of 2 litres) for that event, and 
Ywi is the measured total volume of water (litres) as defmed above. Any soil 
remaining in the gutter of the runoff plot was measured and added to the soil loss 
estimated by the aliquot. 
After the 1994 rain season, it was realised that the aliquot method was not precise 
enough for measuring the total amount of sediment eroded (Lang, 1992; ZObisch, 
1995). Thus it was decided for 1995 to place a filter at the end of each of the pipes in 
order to collect all of the coarse and medium size particles and most of the fme 
particles. The finer sediments were estimated by taking an aliquot as in the previous 
season. Whenever possible all the sediment from a single storm was removed from 
the field and then oven-dried in the laboratory, thus weighing the total soil loss per 
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runoff event. Otherwise, if the total amount of sediment produced for a runoff event 
was too large for carrying it to the laboratory, its total wet weight was measured in the 
field and a subsample taken to the laboratory to obtain its moisture content. Once the 
moisture content was determined, a correction factor was used for obtaining the total 
dry soil weight. 
The size of the eroded soil particles was expected to vary in time and among 
treatments as a consequence of rainstorm magnitude and the changes in cover (Bums 
and Edwards, 1994». Thus subsamples of every runoff event yielding eroded soil 
were retained and transported to the laboratory in the Department of Geography at 
Loughborough University for further analysis of soil particle size using a nest of 
sieves ranging from 4 mm down to 250 Ilm and a Micromeritics SediGraph (for sizes 
from 250 Ilm down to I Ilm). This method has been shown to give accepted levels of 
accuracy (Duck, 1994). 
5.4.4 Bulk density, soil moisture and soil strength 
5.4.4.1 Measurements in 1994 
At the beginning of the season in 1994, two samples of soil bulk density were taken in 
each of the plots, using core cylinders of 50 mm height and 50 mm diameter. The 
cylinders were driven into the soil using a constant height falling hammer. Soil shear 
strength was measured on October 1994 using a hand held Pilcon Hand Vane which 
gives direct readings in kPa. Torsional stress is applied horizontally to the soil and the 
apparatus gives the point at which soil failure occurs. The stress force is applied at a 
constant rate by hand by means of rotating the apparatus in a clockwise direction. The 
19 mm vane was used for measuring shear strength at 5, 10, 15 and 20 cm depth 
layers on two locations of each plot. 
Results of soil bulk density and shear strength are presented in Table 5.2. Density of 
the fired forest soil, 1.13 g cm-3, was slightly higher than that on natural forest, 0.99 g 
cm-3. It is noticeable that under agricultural practice, the average soil density from 
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plots of maize intercropped with Canavalia (MC) had the highest density value, 1.35 
g cm-3, while maize inter cropped with mucuna (MM) accounted for 1.26 g cm-3, and 
plots cultivated only with maize had 1.25 g cm-3. Similarly, soil layers under natural 
forest were less strong (average 52 kPa at 20 cm depth) than those from fIred forest 
(70 kPa at 20 cm depth). The average shear strength for the 20 cm depth was lower on 
MC, 47 kPa, than on maize alone (MA) and MM plots, 53 kPa and 60 kPa 
respectively. 
Table 5.2 Average (from two samples) soil bulk density (Db) and shear strength 
(t) on runoff I!lots! 1994. 
Treatment Db t,kPa 
slope 1 June 1994 22 October 1994 
gcm·3 5cm 10 cm 15 cm 20 cm 
Maize alone 6° 1.22 29 62 70 80 
Maize alone 11 ° 1.25 26 29 51 65 
Maize alone 18° 1.27 43 62 62 53 
M+Canavalia 11 ° 1.34 28 35 56 45 
M+Canavalia 18° 1.36 42 54 56 56 
M+Mucuna 11 ° 1.25 47 49 75 85 
M+Mucuna 18° 1.27 41 50 68 67 
Fired forest 1.13 40 52 97 94 
Natural forest 0.99 26 44 53 60 
5.4.4.2 Measurements in 1995 
Measurements of soil bulk density, moisture and shear strength were carried out on 11 
occasions during 1995. Sampling for soil bulk density and moisture was carried out at 
the same time using cylindrical cores of 50 mm height and 50 mm diameter. The 
cylinders were carefully driven into the soil using a constant head hammer. On each 
occasion one sample was taken from each plot, although it was acknowledged the 
need for having replicates. 
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The Pilcon Hand Shear Vane (19 mm vane) was used at two locations in each plot, to 
measure soil shear strength at 5, 10, and 20 cm depths. Soil shear strength was 
measured 11 times throughout the 1995 wet season. None of these soil parameters 
were strongly correlated, although a stronger relation was observed between soil shear 
strength and bulk density. A comparison for results obtained for NF, MA1S and 
MM18 are shown in Figure 5.3. Actual data are shown in Tables 5.3, 5.4 and 5.5. 
Table 5.3 Soil dry bulk density (Db), volumetric moisture content (0), and soil 
shear strength ('t) measured from the plots under natural and fired forest. Data 
in 1995. 
Julian Natural Forest Fired Forest 
day 0,% Db, gem" 'to kPa 0,% Db, g cm"' 't, kPa 
159 33.27 0.83 6.30 29.88 1.00 16.07 
166 24.52 0.77 6.83 19.41 1.01 11.47 
173 27.24 0.85 7.00 29.99 0.96 21.75 
180 34.98 0.78 7.88 23.66 1.00 12.00 
188 34.39 0.87 5.30 3517 0.98 6.75 
257 34.48 0.89 11.15 31.57 1.02 15.38 
273 45.39 0.93 8.27 40.97 1.00 11.73 
283 32.73 085 8.28 34.17 1.00 14.03 
285 40.96 089 9.05 34.49 1.04 1443 
292 45.26 0.79 8.67 41.69 1.01 15.00 
298 35.39 0.85 12.33 39.26 1.00 19.33 
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Table 5.4. Soil volumetric moisture content (9),dry bulk density (Db), and soil 
shear strength (t) measured from the plots planted with maize as a single crop. 
Data in 1995. 
Julian Maize alone 6 deg 
day e,% Db, gem" 1:, kPa 
159 25.83 1.12 7.00 
166 18.77 0.99 7.93 
173 2506 1.03 9.00 
180 22.50 1.02 4.50 
188 31.03 0.95 3.55 
257 28.41 1.01 11.13 
273 61.63 1.16 4.60 
283 24.86 1.09 9.13 
285 35.92 1.15 6.77 
292 39.80 1.28 10.17 
298 34.24 1.24 16.67 
Julian Maize alone 11 deg 
day e,% Db,gem·3 't, kPa 
159 27.10 1.16 14.17 
166 20.24 1.06 6.27 
173 23.57 1.06 3.50 
180 18.89 0.98 7.25 
188 37.51 1.15 5.50 
257 28.42 1.06 11.50 
273 40.09 1.26 6.67 
283 15.31 1.10 9.83 
285 30.27 1.12 12.27 
292 34.82 1.22 14.00 
298 3292 1.20 21.00 
Julian Maize alone 18 deg 
day e,% Db,gem·3 't, kPa 
159 27.96 1.27 14.00 
166 21.20 1.16 9.20 
173 25.97 1.17 6.20 
180 1689 1.16 8.25 
188 31.77 1.25 4.90 
257 29.50 1.14 10.30 
273 37.10 1.21 7.13 
283 27.89 1.16 10.93 
285 30.41 1.19 11.13 
292 37.09 1.31 11.33 
298 34.48 1.35 21.00 
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Table 5.5. Soil volumetric moisture content (8), dry bulk density (Db), and soil 
shear strength (t), measured from the plots planted with maize and cover crops. 
Data in 1995. 
Julian Maize and Canavalia 11 deg Maize and Mucuna 11 deg 
day e,% Db, g cm" t,kPa e,% Db, g cm·3 t,kPa 
159 30.32 1.13 13.50 33.01 1.09 9.57 
166 20.27 1.05 7.60 22.61 1.03 6.53 
173 28.63 1.04 11.10 33.02 1.04 5.00 
180 28.39 1.11 6.00 25.87 0.94 6.25 
188 40.01 1.03 5.00 36.27 1.11 5.25 
257 33.42 0.96 9.33 36.73 0.98 9.50 
273 45.75 1.27 7.23 46.63 1.22 7.63 
283 35.68 1.07 9.00 33.39 0.94 10.23 
285 36.45 1.19 10.07 36.74 1.03 10.93 
292 42.08 1.29 11.00 46.94 1.19 8.67 
298 40.27 1.15 20.00 37.20 1.08 15.33 
Julian Maize and Canavalia 18 deg Maize and Mucuna 18 deg 
day e,% Db, g cm·3 t,kPa e,% Db, g cm·3 t,kPa 
159 23.36 LOO 7.93 25.20 1.17 8.83 
166 19.24 1.03 3.27 20.85 1.16 6.03 
173 21.30 1.14 7.80 20.47 1.15 8.75 
180 20.33 1.10 5.50 24.14 1.19 3.50 
188 26.42 1.14 6.25 28.62 1.19 3.50 
257 24.84 1.28 8.80 28.68 1.14 9.47 
273 40.34 1.12 6.73 39.77 1.12 600 
283 35.11 1.09 9.50 36.72 1.11 8.47 
285 34.31 1.12 6.87 32.84 1.13 10.23 
292 42.29 1.18 7.67 41.97 1.17 6.33 
298 32.39 1.18 16.00 35.82 1.12 12.67 
The mean bulk density was 15% greater in FF than in NF (fable 5.6). probably as a 
direct effect of naturally occurring settling, which could have been exacerbated by the 
compaction effect of raindrops striking the soil surface. and the removal of organic 
matter through burning. It is thought that such a change in density has a direct effect 
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on both the ability to store water and on increasing the soil strength, and reducing the 
infiltration capacity of soils which had been fired. 
Table 5.6. General statistics on soil parameters: volumetric water content (9), 
dry bulk density (Db), and shear strength (t). Samples taken from the natural 
and fired forest plots at a 5 cm depth. Data in 1995. 
Mean 
Standard Error 
Median 
Minimum 
Maximum 
Mean 
Standard Error 
Median 
Minimum 
Maximum 
Natural Forest 
e,% Db, g em·' 
35.33 0.85 
1.97 0.02 
34.48 0.85 
24.52 0.77 
45.39 0.93 
Fired Forest 
e,% Db, gem·' 
32.75 1.00 
2.09 0.01 
34.17 1.00 
19.41 0.96 
41.69 1.04 
'to kPa 
8.28 
0.62 
8.27 
5.30 
12.33 
t, kPa 
14.36 
1.22 
14.43 
6.75 
21.75 
The soils under agriculture were always denser than those under both forest 
conditions, and, in general, have a reduced capacity to store water. However, 
agricultural soils were apparently less strong than the soil under fired status, if the soil 
shear strength is taken as an index. This could have been an effect of the tillage 
carried out at the beginning of the season. However, from among the agricultural 
soils, those plots planted with maize intercropped with Mucuna presented the most 
adequate soil characteristics in terms of reduced impedance for roots penetration 
(given by reduced values of density and/or resistance to torsional stress) and 
increased capacity of soil moisture (Tables 5.7, 5.8 and 5.9). Of considerable interest 
is the upward trend in soil water content with progress through the wet season of 1995 
(Figure 5.3). This probably reflects a shift in pore-size distribution in the top-soil 
rather than densifIcation of the surface layer, since there is no complementary trend in 
bulk density. A shift in pore size (reduction of macropores, increase in mesopores) 
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would increase water holding capacity and is consistent with the seasonal reduction in 
dilation initially brought about by tillage. 
Table 5.7. General statistics on soil parameters: volumetric water content (9), 
dry bulk density (Db), and shear strength (t). Samples taken from plots planted 
with maize as a single cro!!z at a 5 cm de!!th. Data in 1995. 
Maize alone 6 deg slope 
e,% Db, g cm" t,kPa 
Mean 31.64 1.10 8.22 
Standard Error 3.53 0.03 1.12 
Median 28.41 1.09 7.93 
Minimum 18.77 0.95 3.55 
Maximum 61.63 1.28 16.67 
Maize alone 11 deg slope 
e,% Db, g cm..J t,kPa 
Mean 28.10 1.13 10.18 
Standard Error 2.41 0.02 1.53 
Median 28.42 1.12 9.83 
Minimum 15.31 0.98 3.50 
Maximum 40.09 1.26 21.00 
Maize alone 18 deg slope 
e,% Db, g cm..J t,kPa 
Mean 29.11 1.21 10.40 
Standard Error 1.88 0.02 1.32 
Median 29.50 1.19 10.30 
Minimum 16.89 1.14 4.90 
Maximum 37.10 1.35 21.00 
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Table 5.8. General statistics on soil parameters: volumetric water content (a), 
dry bulk density (Db), and shear strength ('t). Samples taken from plots planted 
with maize intercropped with Canavalia, and Mucuna. Data in 1995 
Maize intercropped with Canavalia 11 deg slope 
a,% Db, g cm.J 't, kPa 
Mean 34.66 1.12 9.98 
Standard Error 2.23 0.03 1.24 
Median 35.68 1.11 9.33 
Minimum 20.27 0.96 5.00 
Maximum 45.75 1.29 20.00 
Maize intercropped with Canavalia 18 deg slope 
a,% Db, g cm·3 't, kPa 
Mean 29.08 1.12 7.85 
Standard Error 2.46 0.02 0.96 
Median 26.42 1.12 7.67 
Minimum 19.24 1.00 3.27 
Maximum 42.29 1.28 16.00 
Maize intercropped with Mucuna 11 deg slope 
Pv. % Db, gem"' SS,kPa 
Mean 35.31 1.05 8.63 
Standard Error 2.21 0.03 0.91 
Median 36.27 1.04 8.67 
Minimum 22.61 0.88 5.00 
Maximum 46.94 1.23 15.33 
Maize intercropped with Mucuna 18 deg slope 
a,% Db,gcm.J 't, kPa 
Mean 30.46 1.15 7.62 
Standard Error 2.25 0.01 0.85 
Median 28.68 1.15 8.47 
Minimum 20.47 1.11 3.50 
Maximum 41.97 1.19 12.67 
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Figure 5.3. Soil dry bulk density (+), volumetric moisture content (11), and shear 
strength (.) as measured from plots under natural forest (NF), and maize as a 
single crop, and maize intercropped with Mucuna on an 18 deg slope. 1995. 
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5.4.5 Antecedent Moisture Index 
An antecedent moisture index, AMI, was obtained using data from 1995. The AMI is 
a coefficient derived from rationing the actual soil moisture content (as regularly 
sampled) by the field capacity. Each value thus obtained was plotted against the time 
since the last significant rainstorm (p>3mm). This threshold of 3 mm was used as it 
was considered to be the least amount of rain necessary to provide a noticeable 
increase in moisture at the soil surface. Combining data for the three MA treatments, 
yields the relationship shown in the Figure 5.4 which is defined by the logarithmic 
(base 10) equation 5.10: 
AMI_MA = 1.568 - 0.3478 *log t ..................................... Equation 5.10 
The AMCMA is the soil moisture coefficient [dimensionless] for plots planted with 
maize as single crop, and t is time since last rainfall, in days. With 120 variates the 
coefficient of determination, ?- = 0.977, is highly significant at p=O.Ol. 
The antecedent moisture index (AMI) was calculated for each cover crop (AMCMM 
andAMCMC) giving the corresponding equation shown below and in Figure 5.4. The 
AMI coefficients of maize and Mucuna (AMCMM) are obtained by: 
AMCMM = 1.7729 - 0.4035 *log t ................................. Equation 5.11 
with 120 variates the coefficient of determination, r2 = 0.9837, is highly significant at 
p=O.Ol 
And for maize and Canavalia (AMCMC) 
AMCMC = 1.7421 - 0.3858 *Iog t ............................... Equation 5.12 
The coefficient of determination, r2 = 0.9795, is highly significant at p=O.Ol. 
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Figure 5.4. Antecedent soil moisture index as a function of time, for agricultural 
treatments, 1995. 
In June 1995, infiltration was measured by means of two infiltration tests carried out 
in the area next to the 6 deg slope plot. In order to measure the intake rate, a double 
ring infiltrometer - such as the one described by Bower (1986) - was used, although it 
was considered that using a sprinkler based system would be preferred in particular 
for steeper slopes. The water head was kept as constant as possible by supplying water 
directly into the inner and outer cylinders. When introducing water, care was to taken 
to avoid disturbance of the soil surface. An attempt was made to incorporate the data 
into the Phillip's equation: i = a+bt°.5 (Hillel, 1980). However, the figures obtained for 
the a and b coefficients were far too big to be considered appropriate. As a 
comparison, the a coefficient calculated from the double ring test was 10 times higher 
than a figure obtained for of a typical 20 mm storm. 
A possible explanation why the figures obtained from the double ring infiltrometer are 
too high, is that the constant head of water into the inner cylinder exerted pressure that 
literally pumped the water into the soil. This is corroborated by the fact that the 
structure of the soil where the infiltration test was carried out is granular and the 
texture is sand-loam with medium to big pores. Thus, the response to ponding water 
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was different to that under natural rain with variable rates of precipitation. Because 
the results appear to be unnatural, they have not been used in modelling rainfall-
runoff. 
5.4.6 Soil micro-topography 
The soil surface microtopography was measured twice in 1994 and 3 times in 1995, at 
the beginning and near to the end of the crop season. It was necessary to design and 
construct a micro-relief meter. This is much simpler and cheaper than the equipment 
described by Flanagan et al. (1995) and not dissimilar to that of Reid (1979). The 
frame dimensions are: 0.7 m width, 1.8 m length, and measurements are made on a 10 
cm x 10 cm grid basis, which gives a total of 126 spot height points. All arms of the 
frame were level in both directions, horizontally and vertically, and kept levelled 
during the measurements. 
Measurements were made centred on the third lowest furrow at each of the 
agricultural runoff plots. The first measurements in 1994 were carried out using metal 
rods 6.3 mm in diameter and 500 mm in length for measuring the relative height to the 
soil, but this was a rather time consuming operation. It was then decided to use a 
plumb-line with a metric tape attached to make the readings easier and faster (Plate 
5.8). With this method an accuracy of 0.5 mm (s.e. ± 0.1 mm) was obtained. 
Data collected with the micro-relief meter were used to assess the changes in soil 
surface roughness. The standard deviation of normalised relative height was then 
obtained. Relative changes in volume could be assessed by comparing the first and 
last measurements (Flanagan et al., 1995). However, an apparent loss in volume does 
not necessarily represent eroded soil, as natural settlement may have occurred as a 
consequence of clods braking down by both the impact of raindrops and settling. Data 
from each sampling date were used for preparing 3-dimensional plots and for 
assessing seasonal changes in surface roughness. The dates in 1995 were 22nd June, 
5th July and 31 SI October. The first measurements were carried out 20 days after the 
planting date. The second were carried out immediately after hand weeding had taken 
I.A REV ALo-MENDEZ 5.127 
place. The last were carried out just before harvesting. The area mapped was located 
in the third quarter, towards the lower end of the runoff plots. The area was delimited 
by two rows of consecutive maize plants and defmed by the frame dimensions (17Ocm 
by 60 cm). 
Plate 5.8. Soil surface micro-relief meter 
5.4.7 Soil loss measured by erosion pins 
The use of erosion pins is an inexpensive and simple method for making individual 
measurements of change in level at a single point (Hudson, 1993). The rate of erosion 
as well as the effect of a single rainstorm may be assessed. It was decided to use this 
method in order to estimate the total soil volume change at different points in each 
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plot and to measure changes in the level of the soil surface over short intervals of 
time. This method also enabled measurements of the changes in erosion and 
deposition at specific points. It also proved to be effective for visiting farmers to 
assess visually the effectiveness of each treatment for conserving soil. 
On each agricultural runoff plot. a total of 9 nails (250 mm length and 10 mm in 
diameter) were evenly distributed. The nails were placed between the maize furrows 
and carefully pushed into the soil leaving 25 mm above the soil surface. A washer (25 
mm external diameter) served as the datum from which measurements were taken. 
Measurements were made on a weekly basis during September and October of 1994 
and during the whole of the 1995 cropping season. 
5.4.8 Harvesting maize and legumes 
Forage and grain yields from the maize crop as well as biomass and seed production 
from the legumes were measured by harvesting a representative area of 25 m2 within 
each treatment. Maize was harvested by hand during the first week of November in 
each year (plates 5.9 and 5.10). Whole maize plants were cut at ground level and their 
weight recorded; corn ears were then detached and threshed by hand. The weight of 
these yield components were registered and adjusted to a 14% moisture content. 
Legume yields were measured from the same area as the maize. The components 
being measured were total biomass a~d seed production. In an indirect way. the total 
percentage of nitrogen added to the soil (due to the rhizobium bacteria interaction) 
was assessed by sampling the soil and comparing the nitrogen content against that 
from plots where maize was cultivated as a sole crop. 
METHODS S.L29 
Plate S.9. Harvesting maize and Mucllna in the main area 
Plate S.LO.Harvesting maize and Canavalia in the main area 
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6. RESULTS AND DISCUSSION: RAINFALL AND ITS EFFECT ON 
RUNOFF 
In the mountainous area of Guinope, the rain season usually extends from June to 
October (Zuniga, 1990). Rain is the most important supply of water for the 
development of crops by farmers planting subsistence food during the Primera 
cropping season (Melara and Del Rio, undated; L6pez et al., 1996). Agricultural 
activity starts with the primary cultivation of the land just after the fIrst rains have 
fallen usually toward the end of Mayor beginning of June (Sims and Ellis-Jones, 
1993). Once tillage and planting have been completed, the soil remains exposed to the 
effect of erosive storms until the crops (generally maize) are properly established. As 
in most part of Central America where subsistence agriculture is practised on the 
hillsides, the effect of rainfall on recently cultivated land on steep slopes in 
combination with the lack of conservation measures leads to accelerated rates of soil 
loss (Sheng, 1982; Leonard 1987; Cervantes and Vahrson, 1992). Nevertheless, the 
effect of rain is evident not only in agricultural land but also in fIred forests. Forests 
are routinely fIred either by storm lightning or in preparation for agricultural use 
and/or for preventing/reducing risks of wild fIres (Hudson et al. 1983a&b). 
This chapter covers a detailed description of the characteristics of natural rain and its 
effect in causing runoff, as measured directly in the fIeld during the wet seasons of 
1994 and 1995. The rainstorms are described in terms of their temporal pattern, 
amount (rainfall size classifIcation) and derived erosivity indices. Runoff was 
measured from agricultural and forest areas. 
6.1 Rainfall characteristics 
In this study, rainstorms occurring during 1994 and 1995 wet seasons were classifIed 
and analysed according to rainfall delivery patterns, and the erosivity indices Eho, 
KE25 and Pho proposed by Wischmeier and Smith (1958), Hudson (1971-1995), and 
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Nill (1993), respectively. In the sections that follow, the general characteristics of 
rainstorms registered at the experimental site as well as the implication of classifying 
them in terms of their pattern and size are described and analysed. 
The long term data for monthly precipitation, as well as the data corresponding to 
1994 and 1995 as recorded at the experimental site are shown in Figure 6.1. 
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Figure 6.1. Total monthly rain in 1994, 1995 and long term average. 
The local data were collected using an automatic siphoning rain gauge, which was 
installed and started to record in June 1994. According to the long term rainfall data 
for Guinope, nearly 80% of the annual rainfall (1435 mm a-\ or 1135 mm, tends to 
fall during the rain season that covers the period between May and October (Z6niga, 
1990; Sims and Ellis·Jones, 1993). From the data obtained at the experimental site, a 
difference of 745 mm between the precipitation registered during the wet seasons of 
1994 (767 mm) and 1995 (1512 mm) was obtained. These figures were 33% lower 
and 37% higher, respectively, than the expected rain season average of 1135 mm 
(Table 6.1). The annual precipitation in 1995 was 129% that of the long-term average. 
The mid-season dry period or "canicula" that is normally expected dunng July 
(Z6niga, 1990), occurred on the last week of July and the first few weeks of August in 
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1994, while in 1995 it occurred in July. The number of rainstorms registered in 1994 
(47) was 60% of the number (79) regIStered in 1995 during the wet seasons. 
Table 6.1. Total monthly rain in the experimental site, and long term average 
for Guinope. 
Month Long term Rain in 1994 t, Rain in 1995t, 
average, mm mm mm 
January 12.0 ND 18.3 
February 9.5 ND 20.3 
March 7.5 ND 35.4 
April 28.0 ND 38.5 
May 194.0 ND 90.0 
June 263.0 78.7 268.9 
July 116.0 134.6 112.2 
August 271.6 144.1 523.2 
September 286.0 210.0 266.4 
October 198.0 180.0 341.4 
November 37.5 41.3 83.4 
December 12.0 45.4 52.1 
Total, mm a·' 1435.1 834.1 3845.1 
t ND = No data previous to June 1994 at the experimental site, because the 
raingauge was not yet installed. 
The corresponding daily figures for rainfall (>4.1 mm), P, intensity, I, and 30 min 
intensity, ho. as well as their derived erosivity values, Eho, KE25 and Pho are 
presented in Tables 6.2 for 1994 data and Table 6.3 for 1995 data. Such data cover 
the whole wet season of each year, ie. all rainfall between 1 June to 31 October. 
These Tables also provide information on type of runoff patterns and occurrence of 
runoff events. 
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Table 6.2. Total daily precipitation, Rainfall classification, Intensity and erosivity 
Indices during the wet season of 1994. 
Jul/an Month Day Runoll' Stonn P I,. I 
clate event type mm mm "," mm h"' 
156 June 5 b 168 220 25.2 
160 June 9 b 125 120 107 
167 June 16 b 167 170 286 
170 June 19 1 c 154 180 7.7 
173 June 22 b 93 154 4.5 
178 June 27 b 80 78 37 
186 July 5 b 119 228 475 
187 July 6 c 129 214 24 
191 July 10 b 108 208 129 
193 July 12 c 80 74 36 
194 July 13 b 11 5 158 153 
195 July 14 b 170 6.2 16 
197 July 16 2 d 81 65 10 
199 July 18 b 102 UO 94 
201 July 20 3 b 67 102 67 
211 July 30 d 70 11.2 53 
212 luly 31 b 59 176 28 
216 August 4 d 31.7 440 21.2 
221 August 9 d 198 130 48 
225 August 13 b 82 190 123 
228 August 16 • 204 390 58 
238 August 26 d 78 7.2 187 
240 August 28 c 118 226 236 
242 August 30 b 79 148 36 
243 August 31 b 74 86 97 
246 Seplember 3 b 90 90 44 
247 Seplember 4 d 153 94 74 
254 Seplember 11 d 66 76 59 
256 Seplember 13 4 b 186 372 446 
260 Seplember 17 5 b 115 166 115 
263 Seplember 20 b 73 60 23 
264 Seplember 21 6 c 282 388 14 I 
265 Seplember 22 7 b 11.5 168 119 
267 Seplember 24 8 b 408 340 204 
268 Seplember 25 9 d n8 250 171 
269 Seplember 26 b 86 98 54 
270 Seplember 27 10 b 147 128 220 
276 October 3 11 • 16.7 234 250 
278 October 5 12 b 97 194 483 
280 October 7 13 • 247 240 172 
282 October 9 d 60 36 72 
283 October 10 b 77 164 74 
284 October 11 14 c 188 240 205 
285 October 12 15 b 392 260 21.4 
290 October 17 b 53 60 27 
295 October 22 b 197 360 179 
296 October 23 b 170 326 107 
8920 
3132 
6989 
6677 
2.507 
1052 
7179 
4207 
4844 
0989 
4041 
1434 
0995 
3.109 
1552 
1434 
1640 
32697 
4584 
3320 
14785 
1289 
6370 
1955 
1308 
1416 
2809 
0930 
18180 
4039 
0657 
23969 
4113 
32394 
12890 
1539 
4434 
9401 
4989 
13430 
0419 
2450 
10555 
23946 
0499 
16169 
11.575 
36960 
14996 
28390 
27720 
14245 
6240 
27056 
27642 
22429 
5920 
18170 
10540 
5244 
152.50 
6865 
7877 
103.55 
139260 
25740 
15517 
79560 
5604 
26668 
11643 
6378 
8100 
14413 
4991 
69130 
19090 
4350 
109287 
19320 
138833 
56875 
8412 
187.73 
39000 
18753 
59200 
2160 
12573 
45200 
101833 
3198 
70800 
55420 
29663 
14902 
23223 
18590 
19333 
000 
32761 
22739 
26558 
000 
000 
000 
000 
18897 
000 
000 
000 
000 
000 
25618 
31679 
10091 
29672 
000 
11417 
000 
000 
9527 
48242 
000 
000 
000 
000 
23084 
21356 
000 
000 
19627 
17208 
15825 
000 
20825 
15479 
33378 
000 
45235 
000 
N.B. Average mtenslty,l, was calculated fIrst in mm/min (by dlVldmg storm precipilation by storm 
duratIOn) and then transformed into mm/h (methodology suggested by Jones. K.R .• O. Bemey. D.P. 
Carr, and E.C. Barren 1981. Arid Zone Hydrology for Agncultural Development. FAO. Umted 
NatIons. ImgallOn and Dramage Paper No 37 Rome. pp AI-A6) 130 was calculaled from 15 mm tIme 
mtervals by choosmg the maximum precipilatIon recorded in any consecutIve 30 min time interval. In 
domg so. It IS poSSible that 1 has a greater value than 130. The procedure outbned was appbed to both 
years' data and thus affects both Tables 6.2 and 6.3. 
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Table.6.3. Total daily precipitation, Rainfall classification, Intensity and erosivity 
Indices during the wet season of1995. 
Jullan Month Day Runoff Storm P 
date event type mm mm hi 
144 
145 
152 
153 
157 
158 
160 
167 
170 
171 
176 
May 
May 
June 
June 
June 
June 
June 
June 
June 
June 
June 
24 
25 
1 
2 
6 
7 
9 
16 
19 
20 
25 
117 June 26 
178 June 27 
183 July 2 
186 July 5 
187 July 6 
188 July 7 
191 July 10 
199 July 18 
203 July 22 
204 July 23 
207 July 26 
208 July 27 
213 August 1 
215 August 3 
217 August 5 
220 August 8 
221 August 9 
223 August 11 
224 August 12 
225 August 13 
226 August 14 
227 August IS 
228 August 16 
229 August 17 
230 August 18 
231 August 19 
232 August 20 
234 August 22 
235 August 23 
237 August 25 
239 August 27 
240 August 28 
241 August 29 
242 August 30 
243 August 31 
247 September 4 
251 September 8 
252 September 9 
254 September 11 
255 September 12 
256 September 13 
258 September IS 
259 September 16 
260 September 17 
1 
1 
3 
4 
S 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
21 
21 
23 
24 
24 
2S 
26 
27 
28 
29 
30 
31 
32 
33 
34 
• 
b 
b 
b 
b 
b 
b 
d 
b 
b 
d 
b 
b 
• 
b 
• 
• 
b 
d 
b 
• 
b 
b 
• 
• 
b 
b 
d 
• 
d 
d 
• 
d 
• 
• 
b 
d 
b 
• 
d 
d 
d 
d 
• 
• 
d 
• 
d 
d 
d 
• 
d 
d 
b 
• 
144 
4.5 
5 I 
84 
68 
250 
383 
266 
61.7 
131 
314 
420 
105 
77 
130 
87 
200 
74 
71 
165 
82 
185 
52 
357 
73 
66 
116 
53 
143 
160 
218 
230 
63 
292 
159 
176 
31 I 
120 
576 
69 
136 
878 
170 
171 
590 
105 
58 
154 
246 
249 
75 
195 
233 
80 
144 
286 
78 
64 
136 
136 
182 
658t 
221 
894t 
200 
248 
840t 
282 
154 
152 
338 
347 
147 
42 
162 
36 
168 
80 
31 1 
142 
127 
217 
54 
179 
111 
160 
200 
56 
157 
70 
225 
297 
240 
544 
56 
272 
407 
138 
110 
194 
210 
117 
100 
380 
261 
60 
390 
219 
20 
64 
I 
192 
60 
51 
48 
136 
48 
322 
15.2 
71.1 
17.5 
74 
696 
420 
154 
74 
348 
266 
147 
27 
66 
83 
71 
20 
84 
37 
88 
154 
24 
57 
16 
38 
32 
50 
47 
2.5 
14 I 
177 
240 
288 
67 
272 
14 1 
170 
17 1 
79 
31.5 
117 
92 
128 
66 
16 
390 
117 
20 
29 
El" 
117172 
07504 
4111 
35.1 
07967 326 
20389 1142 
24415 925 
10.7922 4545 
72 1294 2430 I 
150201 5884 
123.1935 39180 
67365 2620 
195720 1778 
836894 
86292 
32224 
4.5271 
83503 
192221 
2.7019 
06680 
61629 
08187 
79405 
01785 
294889 
21532 
20283 
66369 
05912 
58191 
39311 
79211 
108434 
10289 
104975 
21159 
99376 
243771 
76561 
889713 
09260 
128714 
944595 
70200 
50334 
288283 
72708 
17872 
34412 
278206 
169623 
07944 
227880 
127281 
02371 
17835 
26675 
2956 
1186 
1974 
2941 
6932 
1086 
298 
2673 
295 
3108 
416 
11101 
1037 
842 
2511 
286 
2561 
1780 
3489 
4602 
353 
4588 
1113 
3955 
9233 
2880 
31367 
386 
3699 
35794 
2346 
1882 
11420 
2205 
683 
1540 
9348 
6483 
450 
7605 
5109 
160 
924 
3268 
00 
00 
00 
1588 
117.7 
9055 
2069 
17283 
1618 
2424 
11754 
2807 
1678 
00 
2274 
4539 
00 
00 
00 
00 
00 
00 
3991 
00 
00 
2143 
00 
00 
00 
00 
1917 
00 
1572 
00 
1588 
2418 
9694 
6977 
00 
3415 
4289 
00 
00 
00 
2704 
4588 
00 
6505 
00 
4568 
00 
00 
00 
3754 
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Table 6.3. Total daily precipitation, Rainfall classification, Intensity and 
erosivity Indices during the wet season of 1995. (continue). 
J ullau Month Day Runoff Storm P I,.t I EI,. PI,. KE,. 
date event type mm mmh< mmh' kJm4 nun" mm'h" Im-2mm"' 
261 September 18 3S b 239 225 191 141642 5386 00 
263 September 20 36 b 41 82 8.2 07860 336 00 
264 September 21 37 b 5.3 106 106 14317 562 00 
265 September 22 38 d 7.0 14.0 140 24064 980 2560 
266 September 23 39 • 198 266 113 13.5558 5273 00 
267 September 24 40 • 87 121 27 24727 1051 00 
268 September 25 41 b 72 66 58 10116 478 161 8 
269 September 26 4% • 266 233 48 141673 6201 3654 
272 September 29 43 d 203 288 135 153500 5846 7182 
275 October 2 b SS 110 330 20242 60.5 1427 
278 October 5 44 • 580 400 77 598341 23216 00 
279 October 6 4S a 172 199 33 7.5046 3418 2024 
284 October 11 46 b 132 237 44 80831 3122 00 
288 October 15 47 a 369 157 38 11 8643 5792 7090 
289 October 16 48 d 719 348 IS! 64 6599 25021 3767 
290 October 17 • 94 40 55 07319 376 00 
291 October 18 49 • 526 271 60 346975 1424 6 00 
292 October 19 50 • 222 123 40 62606 2725 00 
294 October 21 51 b 63 90 84 12581 563 00 
296 October 23 b SS 96 50 1 1627 557 00 
298 October 25 51 b 262 17.2 70 102964 4508 00 
299 October 26 53 b 65 116 52 1.7141 754 00 
301 October 28 b 50 88 25 07238 440 00 
303 October 30 54 d 47 40 10 03760 188 00 
t values of I,. corrected to 63.5 mm h" for calculating El", 
The monthly total for August was more than double the long term monthly mean. The 
average number of rain days in August is 14 (Z(jniga, 1990), but there were 23 rain 
days in 1995 and these provided a total 548 mm, a mean daily rainfall of 17.7 mm. 
This month also provided the largest single storm event of 87.8 mm, although it was 
characterised by an I value of only 14 mm h·1 and ha of 40.7 mm h'l, 
6.1.1 Classification of rainstorms by size 
The rainstorms of the rain seasons (June to October) 1994 and 1995 were clasSified 
into 5 mm intervals and histograms were prepared based on the number of storm 
events and precipitation recorded per class. Rain class intervals and the corresponding 
storm frequency and rainfall volume are presented in Table 6.4. Diagrammatic 
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representations of number of rainstorms as well as the volume per rain class are 
shown in Figures 6 2 and 6 3, respectively 
Table. 6.4. Rain classes and corresponding frequency and volume for 1994 and 
1995 rain seasons. Data from all rainstorms in each wet season. 
Rain class Frequency Frequency Total in Total in 
interval, mm in1994 in1995 1994, mm 1995 t, mm 
0.1 to 1 41 11 146 74 
1.1 to 5 10 30 864 1035 
5.1 to 10 19 28 1383 1882 
10.1 to 15 12 11 1438 1405 
15.1 to 20 10 12 1764 2104 
20.1 to 25 3 8 67.8 1840 
25.1 to 30 1 4 282 1087 
30.1 to 35 1 2 31.7 625 
35.1 to 40 1 3 392 1109 
40.1 to 90 1 8 408 4907 
Totals 99 117 767.2 1606.8 
t Includes ramfall of May 24 and 25, 14 4 mm and 7 8 mm, respectively 
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Figure 6.2. Frequency distribution of number of rainstorms grouped by classes 
in 1994 and 1995. 
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The frequency distribution by number of events shows a skewed distribution towards 
the lower sized classes (ie. classes of less than 10 mm). Whilst the frequency 
distribution by rainfall amount shows a bi-modal distribution with the medians laying 
in the 15 to 20 mm size classes in both 1994 and 1995. In 1995, the class 40.1 to 90 
mm contains an exaggerated volume. It is acknowledged that this particular rain class 
is rather broad as compared to the rest of the class intervals. It was so defmed because 
rainfall events greater than 40 mm were scarce in 1994. The number of events in 
smaller classes, than 40.1 to 90 mm, would have restricted the use of statistical 
, analyses. As it is that the 40.1 to 90 mm rain class contains only a single event (40.8 
mm) in 1994 and 8 events in 1995 (rainfall amounts of: 42.0, 52.6, 57.6, 58.0, 59.0, 
61.7,71.9, and 87.8 mm). 
Oltol 1110!i SltolO 101lOU 1511020 2011025 2511030 301 to 35 3511040 4011090 
Ram class wen-at, nun 
Figure 6.3. Frequency distribution of precipitation by rain classes in 1994 and 
1995. 
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In both years, the number of the storms delivering precipitation less than 5 mm 
accounts for around half that of the total. However, storms greater than 5 mm 
rendered 87 % of the total volume in 1994 and 93 % in 1995. It is important to note 
that the 8 storms ranked in class 40.1 to 90 nun produced 490.7 mm or 31% of the 
total during the wet season in 1995. The distribution of events by rain classes had an 
important impact on the production of runoff and on soil losses, as will be explained. 
6.2 Rainfall and Erosivity indices 
Total, mean and median precipitation values were higher in 1995 than in the 
preceding year. Although mean values of 1 and ho were very similar in each year, and 
the median value for ho was similar in both years, the corresponding median 1 figure 
for 1995 was 40% lower than its counterpart in 1994. This suggests that 1 values in 
1995 were skewed towards the lower end. However, it is interesting to point out that 
storms with 1>60 mm h·t were registered only in 1995. Consequently, there was a big 
difference between the average and total values of either Eho, KE25, and Pho erosivity 
indices between the two wet seasons. This situation implies that much larger amounts 
of potential runofflerosivity would be expected during 1995. 
The data for precipitation and derived erosivity indices of individual storms, in 1994 
and 1995 are presented in Tables 6.2. and 6.3, respectively. In order to facilitate a 
comparison between both years, analytical summaries of erosivity indices have been 
prepared. Those summaries are presented in Table 6.5 and Table 6.6. In both cases, 
the indices Eho and KE25 are expressed on a square meters basis instead of hectares as 
it was thought that in doing so a smaller scale could reflect more realistically their 
effect on runoff plots with a surface area of 14 m·2• 
,---------------------------------------------------------------------
I.AREVALO-MENDEZ 6.139 
Table 6.5. Analytical summary of erosivity indices for 1994 rain season. 
Pt 1" 1 El" PI,. KE" 
1994 mm mm hO' mmh4 kJ mm m4 h 0' mm2h-l kJmm m4 h·' 
Total 666.08 849.66 638.24 326.67 14782.37 5.849 
Mean 14.17 18.08 13.58 6.95 314.52 0.124 
S.E.± 1.19 1.48 1.55 1.17 50.04 0.020 
Median 11.50 16.60 11.50 4.04 187.53 0.101 
Min. 5.33 3.60 1.57 0.42 21.60 0.000 
Max. 40.83 44.00 48.33 32.70 1392.60 0.482 
t Only rainfall ~ mm were used for computmg the ecosiVlty indices. 
Table 6.6. Analytical summary of erosivity indices for 1995 rain season. 
Pt 1" 1 El,. PI,. KE" 
1995 
mm mm hO' mmh' kJmmm4 h o ' mm2h'· kJmm m4 ho ' 
Total 1530.95 1546.71 1004.67 1147.19 42508.03 15.158 
Mean 19.38 19.58 12.72 14.52 538.08 0.192 
S.E.± 1.91 1.53 1.49 2.68 92.85 0.035 
Median 14.40 16.00 7.86 6.74 262.00 0.000 
Min. 4.10 2.00 0.99 0.24 16.00 0.000 
Max. 87.84 * 89.40 71.07 123.19 3917.95 0.173 
t Only rainfall ~ mm were used for computing the erosivity mdices; :j: there were three cases in wbim 
13• was corrected to 63.5 mm b-t wben calculating EI3 •• 
In line with the seasonal total precipitation, mean values of EIJo, KE25, and Pho, were, 
respectively, 3.5, 2.6, and 2.9 times greater in 1995 than those of 1994. Total EIJO for 
1994 represents 28% that of 1995. A similar comparisons can be made for Pho. The 
total KE25 for 1995 was 3 times higher than that calculated for 1994. However, given 
the restriction placed on computing KE25 (using only stonn with intensities larger than 
25 mm h-I, Hudson, 1971-1995), this index was only calculated for 11 out of 47 
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rainfall events in 1994, and in 36 out of 79 in 1995, and for limited parts of the 
rainstorm in each case. Such a limited number meant that the total energy derived 
from the KE25 calculations are less than 2% of those derived with the Eho index. 
Indeed, a median KE25 value of zero was obtained in 1995 when all rainstorms 
(including those with 1<25 mm h·t ) were used. However, it is important to bear in 
mind that Hudson's KE25 was developed as an index of rains causing splash. The main 
reason for its development was that most of the kinetic energy computed under the 
Eho index does not necessarily causes detachment of soil particles (Hudson, 1995). 
Seasonal cumulative values of P, E13o, KE25, and Pho are presented in Figures 6.4 and 
6.5 for 1994 and 1995, respectively. It is clear that a potential for higher erosion 
occurred during the 1995 wet season. This is not only due to differences in total 
amounts of precipitation but also to the intensity of a few individual storms. It is also 
noticeable that whilst in the 1994 season, the KE25 index was closer to the distribution 
shown by the Eho index, by 1995 the KE25 tended to be much lower than the E13o. 
Such differences are attributable to global differences in rainfall amount as well as 
intensity. 
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Figure 6.4. Cumulative rain and erosivity indices during the rain season of 1994. 
N.B. only rainfall >5 mm was used. 
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Figure 6.5. Cumulative rain and erosivity indices as measured during the rain 
season of 1995. N.n. only rainfall >5 mm was used. 
Data from this study show that the Eho erosivity index has a distribution largely 
controlled by the distribution of rainfall amount, P. It was considered important to 
establish an empirical relationship between both factors because: a) the Eho erosivity 
index has been successfully associated with soil losses (Wischmeier, 1959; La\, 1970; 
Foster et aL 1977; Kinell 1981); and b) areas similar to the one where the present 
study was carried out lack detailed information regarding rainfall intensity. However, 
there is nothing unusual about establishing empirical relationships between P and 
EIJI). Obi and Salako (1995) explained that "the lack of equipment and personnel often 
enforces approximation of rainfall erosivity from rainfall amount". Data 
corresponding to 1995 were separated into two sub-seasons with the dry period, or 
canicula, as the divide (Figure 6.6). 
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Figure 6.6. Rain erosivity index, EIJo, as a Cunction of daily rainfall, P; data in 
1995 separated into two sub-seasons: a) 1 June to 16 July; b) 1 August to 31 
October. 
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The first sub-season, pre-camcula, runs from planting date until the beginning of the 
Camcula dry spell (from 1st June to 16th July), and the second sub-season, post-
camcula, covers the interval between 1 st August and 31 st October Once the data were 
separated, highly significant associations (E1;o = fJ.P1l) were obtained for each sub-
season and, the scatter was much reduced (Figure 6 6) It can be observed that the 
slope of the curve is less steep for the post-camcula period Such a change in the CL 
coefficient is mainly a function of rainfall events being of higher intensity during the 
first part of the wet season This reflects the occurrence of different weather systems 
which produce rainstorms of varying nature (i e local convective rains, tropical 
storms, etc ) at dIfferent time during the wet season 
In order to consolIdate a relationship between E1;o and P, 1994 and 1995 wet seasons 
were analysed in a composite manner Results showed a highly significant level of 
correlation However, again when the wet seasons were separated into pre- and post-
camcula periods, the scatter was reduced and it was possible to obtain a better model 
(Figure 6 7) The relative contribution of data from 1994 is rather low for the pre-
camcl/la period but much more Important for the post-camcula sub-season 
Combining two years worth of information, improves the predIction This is because 
1995 stretched the potential range of the forecast However, this analysis would be 
benefit from the addition of further rainfall information from years not covered in this 
study Furthermore, as thIs study covers only two wet seasons the differences are 
suggestive rather than conclusive Indeed, the higher slope of the E/JO and P relation 
for the pre-calllcula period is largely induced by three individual events, and there IS 
significant difference in the trends for P values less than 40 mm The composite two 
year model for estimating E1;o from single rainfall events, E1;o = fJ.P1l, is 
El;o = 0.0301 p 2OO47 Pre-canicula Equation 6.13 
r2 = 0 849 n = 40 , , 
El;o = 0.0457 P 1.7627 Post-canicula Equation 6.14 
~ = 0 839, n =86, 
with preCIpitation, P, in mm and the rainfall erosivity index E1;o in kJ mm m·2 h-I, and 
the coefficients of determination statistically significant at the 99% probability level 
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Figure 6.7. Relationship between single storm erosivity index Ebo and 
precipitation, P. Combined data from rainfall in 1994 (0) and 1995 (+) wet 
seasons. Separated in a) pre-canicula and b) post-canicula. 
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Mter a similar analysis (but taking the wet season as a whole) Bagarello and D' Asaro 
(1994) proposed a single regional value of 1.54 for the /3 coefficient for Sicily, Italy. 
They also reported a mean value of 0.332 for the a coefficient. Differences between 
these values and those obtained in this study, undoubtedly reflect differences between 
the two climates with their different rainfall characteristics and potential erosivity. 
6.3 Rainstorm pattern 
The classification of rainstorms according to delivery patterns has been used not only 
for hydrological studies at watershed scale as reported by Gupta et al. (1982). Such a 
classification has also been used to estimate soil erosion in agricultural fields by Obi 
and Salako (1995) in Nigeria; they reported that the time advanced pattern was the 
most common one, and that mUltiple rainfall erosivity peaks during the wet season 
were associated with storm pattern. Wischmeier (1959) had earlier acknowledged the 
importance of rainstorm patterns in studies of soil erosion. 
In this study, all rainfall amounts and derived erosivity indices as obtained from 
rainstorms bigger than 5 mm for 1994 and 1995 wet seasons, were classified and 
statistically analysed according to the four pattern categories proposed by Gupta et al. 
(1982) and described in Chapter 2, Section 2.2.1.1. The four patterns are time 
intermediate (11), time advanced (TA), time delayed (TO) and time intermittent (IT). 
The 5 mm lower limit was and after fmding out that this was the lower limit at which 
rnnoff was produced. The distribution of rainstorm-pattern in both 1994 and 1995 
followed similar trends (FIgure 6.8). 
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Figure 6.8. Distribution of rainfall according to stonn pattern during the 1994 
and 1995 wet seasons. (TA = Time Advanced; TI = Time Intermediate; ID = Time 
Delayed; TT = Time Intermittent). 
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The dominant type of rainstorm was the 11 pattern; although it was widely spread 
during the rain seasons, it was less frequent in the middle of the season canicula dry 
period. The TO pattern tended to occur from July onwards in both years. The IT 
pattern also tended to be more frequent towards the latter part of the season, during a 
period when the TI pattern was less frequent. In both years, the TA rainstorm pattern 
was prevalent in the second part of the rain season, ie. middle of August. Descriptive 
statistics of erosivity indices grouped by storm pattern, are presented in Tables 6.7 and 
6.8 for data corresponding to 1994 and 1995, respectively. A brief analytical summary 
for comparison of both seasons is presented in Table 6.9. 
In general, the TI pattern was the commonest type of rainstorm in both years, and 
similar numbers were registered in each year. The IT pattern was the second most 
frequent in each year. Less common in both years was TA, with TD the third most 
common. Given the fact that the total number of TI rainstorms was similar in 1994 
(29) and 1995 (31), the difference between years is largely due to the increased 
number of TO and IT rainstorms (Table 6.9). In 1995, these two types more than 
doubled the mean and total amount of rainfall of similar storms registered in 1994. 
The occurrence of storm types TA and TO could be an effect of an increase in the 
activity of either trade winds or tropical storms during September, or even the passage 
of cold fronts towards the end of October (Zuniga, 1990). 
In 1994, the amount of precipitation from the 11 pattern represented 57% that of the 
total. However, in 1995, the relative seasonal contribution of the 11 pattern was 
reduced by almost half and it only contributed 30% of the total. Storms type TT gave 
the highest total in 1995 while the TA type delivered the lowest seasonal amount in 
each year, but was four times higher in 1995 than in 1994. Overall, the mean 
precipitation per storm was lower in 1994, 15.7 mm, than in 1995, 20.5 mm. The 
average daily rain was highest for TO storms in 1995, while the highest in 1994 
occurred under TA storms. 
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Table 6.7. Analysis by storm pattern ofrainstonns, all storms> 5 mm during the 
rain season, June to October 1994. 
P I. I El. PI KE" 
Time Advanced (311 mm mmh' mmh' Urn" mmh" mm'h' Urn" mmh" 
Total 61.73 86.40 4803 37.62 1777 60 671.31 
Median 2040 24.00 17.20 13.43 59200 19627 
Mean 2058 2880 1601 1254 59253 22377 
Standard Error 231 5.10 5.57 1.62 11709 47.79 
Standard Deviation 400 884 9.64 280 20280 8277 
Kurtosis NA NA NA NA NA NA 
Skewness 020 172 -0.55 -129 001 133 
Range 800 1560 1917 5.38 40560 158.54 
Minimum 16.67 2340 583 9.40 39000 158.25 
Maximum 2467 3900 2500 14.78 79560 31679 
Time , 
Median 10.78 1640 10.70 3.32 15517 11417 
Mean 13.14 17.37 1467 6.19 27366 13460 
Standard Error 157 164 246 140 5838 2815 
Standard Deviation 844 885 13 26 756 31438 15158 
Kurtosis 593 017 1.60 493 545 -052 
Skewness 237 087 1.49 223 232 0.73 
Range 3550 3120 4676 3189 135635 48242 
Minimum 533 600 1.57 050 3198 000 
Maximum 4083 3720 4833 3239 1388.33 48242 
Time Delayed (6) t P I. I El. PI, KE" 
mm mmh" rnmh" Urn" mmh" mm h" Urn" mmh'" 
Total 95.12 13220 7186 5277 242436 86480 
Median 14.16 2200 1090 6.52 27681 17035 
Mean 15.85 2203 11 98 8.79 40406 144.13 
Standard Error 287 415 362 3.30 14685 4954 
Standard Deviation 703 10 16 887 807 35971 12134 
Kurtosis 1.53 197 -202 3.19 379 -155 
Skewness 114 044 028 166 180 -030 
Range 2017 31.40 21.20 2298 103367 29672 
Minimum 800 740 2.40 0.99 5920 000 
Maximum 2817 3880 2360 23.97 1092.87 29672 
Time Intermittent (9) t P I. I El. PI KE" 
mm mmh" mmh' Urn" mmh" mm'h' Urn" mmh" 
Total 12504 12746 8851 5805 2621.65 40973 
Median 812 940 7.20 1.43 7877 000 
Mean 13 89 1416 983 645 29129 4553 
Standard Error 304 425 2.40 353 14913 2533 
Standard Deviation 911 1276 7.19 1058 44738 7600 
Kurtosis 002 378 -125 571 542 216 
Skewness 104 1.97 0.66 237 230 164 
Range 25 65 4040 2022 3228 137100 21356 
Mmimum 600 360 098 042 2160 000 
Maximum 3165 4400 2120 32.70 1392.60 213.56 
t Number of rainfall events recorded in each correspooding pattern 
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Table 6.S. Analysis by storm pattern of rainstorms, all storms> 5 mm during the 
rain season, June to October 1995. 
P 130 I EI30 PI30 KE" 
Time Advanced (10) ! mm mm b'l mm b'l kJm" mm b'l mm" b'l kJm"mm b'l 
Total 22029 18530 7066 12415 5119,12 173549 
MedIan 1714 1681 527 666 29896 000 
Mean 2203 1853 707 1242 511 91 17355 
Standard Error 486 305 154 547 211 17 80,72 
Standard DeviatIon 1538 965 486 1730 667,77 25525 
Kurtosls 281 1.77 039 808 755 058 
Skewness 162 124 1 10 275 264 127 
Range 5217 3301 1456 5805 225323 70898 
MinImum 585 701 254 179 6833 000 
Ma'<lmum 5801 4002 1710 5983 232156 70898 
Time Intennediate(31)t P 130 I EI30 PI30 KEZ5 
mm mm h·1 mm b'l kJm" mmb'l mm-2 b-· kJm" mm b'l 
Total 44882 59626 48597 40954 14271 30 644228 
Median 840 1474 836 270 11424 000 
Mean 1448 1923 1568 13 21 46036 20782 
Standard Error 237 288 314 498 15924 7414 
Standard DeViatIOn 13 21 1602 1749 2775 88662 41278 
KurtOSIS 472 395 482 927 868 625 
Skewness 209 2\0 223 309 300 255 
Range 5760 6150 6907 12296 390195 172828 
Mmllnum 410 200 200 024 1600 000 
Ma"unum 6170 6350 71 07 123 19 391795 172828 
Time Delayed (/6) t P 130 I EI30 PI30 KEZ5 
mm mmb'l mmb'l kJm" mm b-' mm-lb-l kJm" mmb-l 
Total 37688 32665 18093 25838 982997 345381 
Median 17,18 1754 694 942 35258 17973 
Mean 2356 2042 1131 16 15 61437 21586 
Standard Error 459 346 262 559 20037 5417 
Standard DeviatIon 1835 13 85 1048 2238 80148 21668 
Kurtosls -019 083 030 765 634 -030 
Skewncss 107 089 125 256 234 068 
Range 5165 5084 3322 8824 310716 69767 
M10unum 7,30 360 158 073 2952 000 
Maxunum 5895 5444 34,80 8897 313668 69767 
Time Intermittent (22)t P 130 I EI30 PI30 KEz5 
mm mm b" mm b-l kJm-' mm b-l mm-'b-' kJm-' mm h-l 
Total 48496 43850 26711 35511 1328765 352653 
Median 1775 1890 1043 793 32985 000 
Mean 2204 1993 12 14 1614 60398 16030 
Standard Error 437 256 211 483 18322 4817 
Standard DeviatIon 2052 1202 989 2263 85936 22595 
KurtOS1S 559 -1 15 162 705 723 070 
Skewness 233 025 133 257 263 1.26 
Range 8314 3675 3801 9408 356059 71821 
M10lmum 470 400 099 038 1880 000 
Ma"lmum 8784 4075 3900 9H6 357939 71821 I 
t Number of ramfall events recorded m each correspondmg pattern 
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The highest intensity measured in 1994 was under the TA pattern, which, also, 
registered highest mean values for 130, Ebo, Pbo, and KE25. In 1995, highest values of 
potential erosivity were registered under the TO pattern. However, for both years, the 
most important total contribution of erosive potential was that from TI storms. 
The coefficients of kurtosis and skewness indicate whether a set of data fits a 
normally distributed curve (Chatfield, 1995). The coefficient of Kurtosis indicates if 
the data are peaked or "heavy tailed". A kurtosis coefficient close to zero would 
indicate that a data set is normally distributed. In similar terms, high values of 
skewness indicate that the data distribution is not symmetrical, thus the mean would 
not be similar to the median. As for kurtosis, a skewness value closer to zero would 
indicate that a given set of data is normally distributed (in this case the shape of the 
curve would be uniformly distributed on both sides of the mean). 
In this study, the coefficients of kurtosis and skewness for the two rain seasons 
(exception of TA in 1994, in which the low number of cases restricts analysis) were 
generally greater than zero (Tables 6.7 and 6.8). This implies that the data would not 
resemble a normal distribution curve; ie. the data have several peaks (rainfall 
amounts and erosivity indices are variable within a given pattern), the data are heavy 
tailed (in particular, during 1995, for those rains greater than 40 mm); and the median 
is displaced relative to the mean. This situation is not uncharacteristic when dealing 
with natural rain in contrast with research carried out in laboratories where most of 
the factors are controlled (Gomez and Gomez, 1984). 
From the analytical summary given in Table 6.9, it can be seen that only in 1994 does 
the TA pattern have higher values in all erosivity parameters. Even if the coefficients 
Eho and KE25 were higher in 1994, the means are not significantly different form 
those of 1995. This implies that the amount of rain (greater in 1995) controlled the 
fmal potential erosivity of storms under the TA pattern. This is the same for TO. In 
the cases of TI and TT, greater mean values of both precipitation and intensity were 
clearly associated to greater mean values of all erosivity indices in 1995. 
,------------------------------------------------------------ --
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Table 6.9. Analytical summary of storm pattern and erosive parameters in 1994 
and 1995 seasons; includes all rainfall ~mm. 
1994 1995 
Factort Mean S.E.:I: Median Mean S.E. :I: Median 
Time P 20.58 2.31 20.40 22.03 4.86 17.14 
Advanced I 16.01 5.57 17.20 7.07 1.54 5.27 
TA I,. 28.80 5.10 24.00 18.53 3.05 16.81 
El,. 12.54 1.62 13.43 12.42 5.47 6.66 
PI,. 592.53 117.09 592.00 511.91 211.17 298.96 
KE,. 223.77 47.79 196.27 173.55 80.72 0.00 
Time P 13.14 1.57 10.78 14.48 2.37 8.4 
Intermediate I 14.67 2.46 10.70 15.68 3.14 8.36 
TI I,. 17.37 1.64 16.40 19.23 2.88 14.74 
EI,. 6.19 1.40 3.32 13.21 4.98 2.7 
PI,. 273.66 58.38 155.17 460.36 15924 114.24 
KE 134.60 28.15 114.17 207.82 7414 0 
Time P 15.85 2.87 14.16 23.56 4.59 17.18 
Delayed I 11.98 3.62 10.90 11.31 2.62 6.94 
TD I,. 22.03 4.15 22.00 20.42 3.46 17.54 
El,. 8.79 3.30 6.52 16.15 559 9.42 
PI,. 404.06 14685 276.81 614.37 200.37 352.58 
KE" 144.13 49.54 170.35 215.86 54.17 179.73 
Time P 13.89 3.04 8.12 22.04 4.37 17.75 
Intermittent I 9.83 2.40 7.20 12.14 2.11 lQ.43 
TT I,. 14.16 4.25 9.40 19.93 2.56 18.90 
EI,. 6.45 3.53 1.43 16.14 4.83 7.93 
PI,. 291.29 149.13 78.77 603.98 183.22 329.85 
KE 45.53 2533 0 160.3 48.17 0 
t Units: P m mm; PI,oin mm' h·'; lin mm h·'; ho in mm h·'; EI,o in kJ mm m·' h·'; KE25 in ]mm m·' h·' 
,------------------------------------ -- - -
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After analysing the erosivity indices for the four storm patterns, it is clear that 
variability exists not only from one year to another, but also within a single rain 
season. However, general seasonal trends can be dermed. These are 11 pattern is the 
most typical and contributes important amounts of both rainfall and erosivity 
potential Rainstorms of the TA pattern, although relatively high in erosivity, tend to 
fall towards the end of the primera·cropping season, and when the second (postrera) 
cropping season starts. 
The TO and TT patterns show high variability between the two seasons; the increase 
in their frequency suggests that these two patterns control the yearly variability in 
rainfall and derived erosivity indices. TA, TO and TT pattern storms increase during 
the post-canicula period so that their erosive potential affects the soil being cultivated 
for planting during the second cropping season (postrera). Such an increase in these 
three forms of rainstorm means that they have a rather limited affect on soils planted 
at the beginning of the wet season, especially where protection is added to the soil (by 
means of intercropping leguminous cover crops, for example). 
6.4 Characteristics of rainstorms causing runoff 
The aim of this section is to provide a detailed characteristic on the rainfall and the 
derived erosivity indices with which rnnoff was estimated. In doing so, storms from 
which runoff was measured in 1994 and those causing runoff in 1995 (identifiable by 
the runoff event number in Tables 6.2 and 6.3 above) were classified according to the 
four precipitation pattern-types described above. 
The total precipitation by rainstorm pattern as well as corresponding mean and 
standard errors are presented in Table 6.10 and plotted in Figure 6.9. It is important to 
point out that the information contained in Table 6.10 is a reduced proportion of that 
presented in Table 6.9, because Table 6.10 excludes rainfall not contributing runoff. 
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Table 6.10. Total and mean precipitation by rainstorm pattern during 1994 and 
1995 wet seasons. (TA = time advanced, TI = time intermediate, TD = time delayed; 
TT = time intermittent). 
1994 
Numbert 
Total 
Mean 
SE± 
1995 
Numbert 
Total 
Mean 
SE± 
TA TI 
2 8 
41.33 156.02 
20.67 19.50 
4.00 4.59 
TA TI 
8 23 
187.31 401.58 
23.41 17.47 
6.05 3.11 
TO 
3 
61.50 
20.50 
4.03 
TO 
12 
344.28 
28.69 
5.35 
TT 
2 
35.55 
15.78 
6.98 
TT 
11 
359.76 
32.71 
7.70 
Total 
15 
294.40 
19.62 
Total 
54 
1292.93 
23.95 
t Number of rainstorms under given pattern that was recorded as producing runoff. 
During the wet season of 1994, there were 28 rainfall events with precipitation greater 
than 10 mm. This amount of rainfall is considered the minimum level of rainfall to 
cause erosion (Mutchler et al., 1988, McGregor, et aI., 1995). These events were 
widely distributed during the wet season. Although only 15 runoff events were 
measured in 1994, more might have gone unrecorded (especially since 1995 showed 
that runoff occurred under rainfall of around 5 mm). The period from September to 
October 1994 was more consistently monitored and 12 out of 15 potential runoff 
events (based on the 10 mm limit) were measured. Because of this, the data presented 
for the year 1994 relate towards the second part of the season, and take into account 
the most erosive form of rainstorm in that year, i.e. the TA patteru. 
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Figure 6.9. Total (bars), mean (-) and standard error ranges (vertical lines) of 
rainfall values classified by storm-pattern of erosive rainstorms causing runoff in 
1994 and 1995. (TA = time advanced, Tt = time intermediate, TD = time delayed; 
TT = time intermittent). 
In 1995, the number of rainstorms with precipitation larger than 5 mm accounted for 
76 In the same year, the number of runoff events recorded was 54 This accounts for 
most of the wet season Rainfall which was not accounted for causing runoff fell 
either as low-amount or low-intensity events. There is a difference of 18% between 
the rainfall measured during the wet season (16068 mm) and that which caused 
runoff(1293 mm) 
When analysing contributions by rainstorm patterns, it can be shown that 91 % of TD 
rainstorm caused runoff, whilst only 66% of the TT pattern caused runoff This is 
particularly important, because, as shown in the previous section, the ID and TT 
patterns were the most aggressive form of rainfall according to the Eloo figures (Table 
69) 
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Statistical analysis consisted in a single factor analysis of variance of mean 
precipitation by storm pattern. Results for 1995. showed that mean precipitation 
delivered by the IT pattern was only significantly different from that of the TI 
pattern. but similar to TA and ID. No significant differences were obtained for 1994. 
A further breakdown of rainstorms causing runoff during the 1995 wet season as a 
function ofrainstorm pattern and classified into rainfall-size. is given in Table 6.11. 
The reason for not using the same classes as for1994 is the limited number of cases. 
Broader rainfall classes gave a better chance of carrying out statistical analyses. 
The statistical analysis of differences in mean erosivity index consisted of a two-
factor analysis of variance. with sources of variation being the classification by 
rainfall-size and by rainstorm pattern. Results showed that the rainfall class size 5 to 
10 mm represents the lower threshold from which sizeable amounts of runoff were 
produced. In this class. lower average precipitation occurred for the IT pattern (5.9 
mm) and the highest mean occurred under TA (8.9 mm). but the differences between 
means within this class were not statistically significant. 
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Table 6.11. Mean values of Erosivity indices as a function of rainstorm pattern 
and rainfall class intervals. N.B. Only data from rainstorms generating runoff 
during the 1995 rain season were used. (TA = time advanced, TI = time 
intermediate, TD = time delayed; TT = time intermittent). 
Rainfall class interval, mm 
Rain Erosive 5 to 10 10.1 to 20 20.1 to 30 30.1 to 40 40.1 to 90 
Pattern Factor' (S.E. ±) (S.E. ±) (S.E. ±). (S.E. ±). (S.E. ±). 
#* 2 3 1 1 1 
TA P 7.3 (1.45) 17.1 (1.59) 26.6 (n. a.) 36.9 (n. a.) 58.0 (n. a.) 
P13• 86.7 (18.4) 375.1 (80.0) 620.1 (n. a.) 579.2 (n. a.) 2321.6 (n. a.) 
I 7.2 (4.5) 6.7 (2.4) 4.8 (n. a.) 3.8 (n. a.) 7.7 (n. a.) 
13• 11.9 (0.2) 21.5 (2.6) 23.3 (n. a.) 15.7 (n. a.) 40.0 (n. a.) 
EI30 2.15 (0.35) 8.97 (2.37) 14.2 (n. a.) 11.90 (n. a.) 59.80 (n. a.) 
KEn 0.0 0.1 (0.1) 0.20 (n. a.) o (n. a.) 0.7 (n. a.) 
#:f: 10 5 4 2 2 
TI P 6.3 (0.42) 12.3 (0.53) 25.4 (0.61) 35.9 (2.40) 51.85 (9.85) 
Ph. 70.4 (9.2) 253.7 (19.9) 508.1 (33.6) 1461.8 (968.4) 3292.7 (625.2) 
I 8.6 (1.1) 17.3 (6.6) 11.5 (3.4) 20.3 (12.0) 70.32 (0.75) 
13. 10.8 (0.9) 21.8 (2.1) 20.0 (1.3) 39.2 (24.4) 86.70 (2.7) 
E13. 1.68 (0.23) 6.90 (0.71) 12.58 (1.18) 42.10 (30.0) 103.44(19.75.) 
KE25 0.02 (0.02) 0.2 (0.05) 0.20(0.08) 0.55 (0.35) 1.45 (0.28) 
#:f: 2 3 3 1 3 
TD P 8.1 (0.60) 16.3 (1.87) 24.8 (2.21) 35.7 (n. a.) 56.4 (1.9) 
P13• 169.6 (124.6) 398.9 (173.5) 397.2 (62.3) 1110.11 (n. a.) 1901.1 (623.2) 
I 18.2 (16.6) 16.2 (7.0) 4.0 (0.4) 84 (n. a.) 14.2 (7.3) 
13. 19.9 (13.9) 23.2 (8.6) 16.0 (22) 31.1 (n. a.) 33.6 (10.6) 
Eh. 4.60 (3.80) 10.90 (5.04) 9.20 (1.45) 29.50 (n. a.) 50.83 (19.2) 
KE25 0.1 (0.1) 0.27 (0.15) 0.13 (0.7) 0.40 (n. a.) 0.60 (0.20) 
#:f: 2 2 2 3 2 
TT P 5.9 (1.15) 19.9 (0.40) 22.6 (2.29) 33.5 (2.22) 79.9 (7.95) 
P13• 58.4 (39.6) 672.6 (88.0) 616.5 (31.9) 7378.0 (120.2) 3040.8 (538.7) 
I 7.5 (6.5) 26.5 (12.8) 10.1 (3.5) 9.3 (4.4) 14.6 (0.5) 
13. 9.0 (5.0) 33.9 (5.1) 27.5 (1.4) 22.7 (4.8) 37.8 (3.0) 
E13• 1.40 (1.00) 19.10 (370) 16.20(0.80) 18.63 (3.64) 79.6 (14.9) 
KEn 0 0.45 (0.05) 0.45 (0.05) 0.13 (0.07) 0.70 (0.0) 
2 ·1 ·1 ·1 -2 -1 ., tUmts. Pmmm,P1JO IDmm h ,/mmmh ,/JolDmmh ,E/'oIDkJmmm h ,KE25IDkJmmm 
h·l ; :f: number of events per storm pattern and corresponding rainfall class interval. • S.E. = standard 
error in corresponding units, and na. = S.E. not available given only one case. 
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The rainstonn class 10.1 to 20 mm produced average mean rainfall that ranged from 
12.3 for TI up to 19.9 for IT; within this class, mean rainfall for TI was statistically 
lower than those of TI and ID. In class 20.1 to 30 mm, the lowest mean rainfall 
corresponded to IT (22.6 mm) and the highest to TA (26.6 mm), but the differences 
between means were not statistically significant. This situation was repeated in class 
30.1 to 40 mm, where the lowest mean was for IT (33.5 mm) and the highest for TA 
(36.9 mm). The distribution of mean values of rainstonns according to the rainstonn 
pattern and rainfall size is shown in Figure 6.10. 
Nevertheless, in class 40.1 to 90 mm the mean rainfall obtained from IT (79.9 mm) 
was statistically higher than the rest; this situation is not surprising given the fact that 
the maximum seasonal rainfall event (87.8 mm) was of this pattern. The validity of 
the statistical analysis is rather limited as there were only a low number of cases 
registered as TA (classes 20.1 to 30 mm, 30.1 to 40 mm, and 40.1 to 90 mm only had 
one record each), and as ID (with only one case recorded for the 30.1 to 40 mm 
class). 
For all erosivity indices, increases in rainfall amount did not automatically lead to an 
increase in their corresponding values. Figures 6.11, 6.12 and 6.13 show the response 
and variability of the erosivity parameters (classified by stonn patterns and stonn 
class-size intervals). From Figure 6.11 and the data in Table 6.11, it can be seen that, 
with the exception of the TI pattern, 130 was not necessarily a function of total amount 
of precipitation. 
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Figure 6.10. Total precipitation (bars), mean (-) and standard error (vertical 
lines) values of storm rainfall classified by rainstorm pattern and rainfall class. 
Data from rainstorms causing runolTin wet season 1995. 
~ .... ------------------------------------------ --
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Highest mean intensities tend to be associated with the storm class 40.1 to 90 mm. 
Highest mean 130 was measured under the TO pattern for the lowest rain class, but the 
standard error makes it statistically indistinguishable. The highest mean 130 was 86.7 
mm h-1and was registered under TI pattern and rain class interval 40 to 90 mm. 
The Eho index, as expected, was strongly associated with rainfall size, although 130 
exerted control in individual cases. The lowest erosivity potential was calculated 
under IT pattern and rain classes 5 to 10 mm, whilst the highest corresponded to TI 
pattern and 40.1 to 90 mm rain class. The pattern with highest erosive potential seems 
to be the time intermittent, for it consistently produced higher mean values of Ebo 
under rain classes greater than 30 mm. The highly erosive potential of TI is also 
related to the larger number of events of this type and its distribution within the wet 
season. 
A similar situation to that observed for Eho occurred when analysing mean values of 
the KE25. However, KE2S figures were always much lower than those of Ebo. As 
explained before, the restriction imposed upon caIculatmg KE2S (using only 1 values 
equal or higher than 25 mm h-I ) meant that it was not possible to calculate the mean 
values in more than three rain class-sizes, 5 to 10 mm in patterns TA and TT; and rain 
class 30.1 to 40 mm in pattern TA. At lower rainfall (Le. 5 to 10 mm and 10.1 to 20 
mm) the TO pattern had higher KE25 figures whilst in the medium to high rainfall size-
classes (Le. 20.1 to 30 mm up to 40.1 to 90 mm), the highest erosive potential occurs 
under the TI pattern. 
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classified by rainstonn pattern and rainfall class size, 1995. 
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Figure 6.12. Total (bars) and mean (-) values of storm erosivity index, E13o, by 
rainstorm pattern and rainfall size. Vertical lines indicate standard error. 
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Figure 6.13. Total (bars) and mean (-) values of storm erosivity index, KE25, by 
rainstorm pattern and rainfall size. Vertical lines indicate standard error. 
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From those rainstorms that caused runoff during the 1995 rain season, it is concluded 
that the erosivity potential was distributed among the different storm types and 
rainfall classes. The size of the storm is, in general, associated with the erosive 
potential of the different rainstorm types. For medium-sized rainfalls (i.e. mean 
precipitation ranging between 10 and 30 mm) the most important type of rainstorm 
was the time intermittent (IT). For those rainstorms with mean rainfall greater than 30 
mm, the rainstorm type time intermediate (TI) had highest erosive potential 
6.5 Effect of rainstorms on runoff 
Runoff from soils under agricultural practice has been related to storm size by several 
authors (Cervantes and Vahrson, 1992; Nil!, 1993), as has runoff from forest (Hudson 
et al. 1983a1b). The response to rainfall is largely controlled by a number of factors 
such as: i) the intrinsic characteristics of the storm (size, storm intensity, and rainfall 
kinetic energy); ii) soil physical and chemical properties (i.e. soil properties that 
regulate the infiltration and movement - both vertical and lateral - of water into and 
within the soil, soil surface roughness and soil strength); iii) amount of surface cover 
as provided by plants growing above the soil surface - which varies with time, 
especially under agriculture practice. (Emmett, 1970; Kirkby, 1980; Al-Durrah and 
Bradford, 1982a&b; Bramley and Coppin, 1989; Abrahams and Parsons, 1991). 
The effect of storm size on the production of runoff was analysed as a function of the 
rainstorm-size. Results obtained are presented in Table 6.12 for those plots under 
forest treatments, in Table 6.13 for plots planted with maize as a single crop, and in 
Table 6.14 for plots with maize intercropped with leguminous cover crops. Statistical 
analysis consisted in a single factor analysis of variance for runoff means with the 
rainstorm size as the source of variation. The ranking of means was based on Fisher's 
least significant difference test. This test provides a single least significant difference 
value, at a given probability level (in this case at p=O.05), which is used as a boundary 
to define significant or nonsignificant differences between a pair of means. Two 
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means are defmed as statistically different if their absolute difference exceeds the 
computed least significant difference (Gomez and Gomez, 1984). 
The minimum threshold for rainstorms to cause measurable amounts of runoff was 
around 5 mm. Nevertheless, as demonstrated by many rainfall events of 5 mm or 
more, the amount itself was not necessarily enough for generating runoff. There were 
three cases in 1995 in which runoff originated from rainfall of less than 5 mm. These 
runoff events were caused by small sized rainstorms that occurred within one or two 
days after storms of more than 15 mm. For example, on 25 May 1995, runoff event 
number two was caused by a 5 mm storm that fell within 12 hours of a previous 26.2 
mm storm. Another case was that of a 4.1 mm rainfall (20 September 1995; runoff 
event 36) which caused a small but measurable volume of runoff among the different 
treatments. Also runoff events 3 and 4 originated from small storms and caused 
important runoff volumes partly because the soil was almost totally uncovered. The 
importance of small-sized rainstorms is highlighted by the fact that they provide 
moisture to the surface soil which in turn reduces sorptivity and increases the impact 
offollowing storms (Binger et. al., 1992). 
The rainstorm class 5.1 to 10 mm was one of the most numerous, but it did not have 
the most significant impact on the total volume of runoff produced from any 
treatment. In 1995, there were 13 runoff events, which were generated from rainfalls 
with sizes within the class 5.1 to 10 mm. It was observed that increases in ramfall 
amount (i.e. rainfall classes bigger than 10 mm) tended to have a direct impact on 
both the total runoff or mean runoff values among forest and agricultural treatments. 
This is shown in Figure 6.14 for Forest treatments (which includes MA6 as a 
comparison), and in Figures 6.15 for agricultural treatments of maize as a single crop 
and maize intercropped with Mucuna and Canavalia established on an 11 deg slope, 
and in Figure 6.16 for those agricultural treatments planted on an 18 deg slope. 
Corresponding mean rainfall values are shown in Table 6.12. 
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Table 6.12. Total and mean values of runoff measured from plots established 
under natural and fired forest, and classified by size of rainfall in 1995 t. 
Storm Mean. Natural Forest Fired Forest 
class rainfall per 
mm storm class 
mm Total Meant S.E. Total Meant S.E. 
mm mm (±)mm mm mm (±)mm 
lto5 4.43 0.65 0.22 c 0.11 1.44 0.48b 0.17 
5.1 to 10 7.ff) 3.67 0.28 e 0.05 6.07 047b 0.08 
10.1 to 15 13.05 4.54 0.57 be O.ff} 8.14 l.02b 0.18 
15.1 to 20 19.11 1.98 0.50 be 0.13 7.99 1.98 b 0.21 
20.1 to 25 2293 5.12 0.73 be 0.08 11.70 1.67 b 0.27 
25.1 to 30 26.74 4.59 1.15 be 0.31 9.80 2.45b 0.35 
30.1 to 35 31.97 2.99 1.00 be 0.13 6.10 2.03b 0.29 
35.1 to 40 37.20 6.02 1.51 ab 041 9.10 2.27 b 020 
40.1to90 61.34 17.86 2.23 a 065 55.58 6.95 a 206 
Total 22.39 47.42 0.91 115.92 1.76 
• Mean values of ramfall causing runoff within a class; t Comparison of mean dtfferences by 
column and grouped by Fisher LSD test; in mdividual columns, means WIth the same letter are not 
Significantly different at 95% probablhty. 
When comparing the mean values of runoff from treatments established under forest 
conditions. it is clear that the natural forest always produced much lower amounts of 
runoff. either as a total or mean per storm class. A further discussion on the reasons 
for reduced runoff in natural forest as compared to runoff from fIred forests is offered 
in Chapter 7. But even if the fIred forest presented a relatively bad situation for forest 
conditions, it was not as bad as the least aggressive form of traditional agriculture (Le. 
maize alone established on a 6 deg slope, MA6). Total or mean values were always 
smaller in FP to those of MA6 (Figure 6.14). However. when FP is compared with 
treatments of protection established on a 11 deg slope (i.e. MC11 and MM11). their 
mean and total values per storm-class interval are rather similar. 
In each treatment of maize as a single crop (MA6. MAll or MAI8). the mean amount 
of runoff was observed to increase proportionally With increase in storm size (Table 
6.13). This is explained by the fact that the total amount of rainfall delivered by each 
corresponding storm class. also tend to increase proportionally (as shown in Table 
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6.11, Section 6.4). In all MA treatments, as well as on those of maize intercropped 
with legumes (Table 6.14), the storm class 40.1 to 90 mm was associated with 
significantly higher mean runoff values. The second highest rainfall class in terms of 
producing values of mean runoff was not the same in all treatments (Le. for MA6 and 
MAil the second most important storm class was the 20.1 to 25 mm, whilst in MAI8 
it was the 30.1 to 35 mm). 
For treatments of maize as a single crop (MA), ground-slope has a clear effect for all 
storm-classes. The plot on an 18 deg slope (MAI8) always yielded higher volumes of 
runoff as compared to plots planted with maize alone on 6 deg (MA6) and 11 deg 
(MAil) slopes. The differences in mean runoff values for each rainfall class between 
MAI8 and MA6 and MAil were always significant at 95% probability (based on a 
two-factor analysis of variance). Data for total, mean and standard error values of 
runoff from MA plots are presented in Table 6.13 below. This Table also gives the 
results of a comparison of mean runoff according to a one-factor (storm size) analysis 
of variance of means of runoff. 
The cover crops were effective in reducing the amount of runoff produced in 
comparison with maize as single crop and at similar ground slope angle. The response 
to storm size from those treatments including cover crops followed a similar trend, 
although at a reduced scale, to that observed in treatments of maize as a single crop. 
Cover crop treatments that were established on the 18 deg slope showed a similar 
response to those of maize as a single crop but at lower slope (11 deg). This means 
that runoff from either MMI8 or MCI8 matches the corresponding value from MAIl. 
So, for example, for 40.1 to 90 mm rain class, the mean runoff from MAil (12.7 mm) 
is similar to that of MCI8 (12.49 mm) or MMI8 (12.16 mm). Similarly, treatments 
including cover crops and establIshed on an 11 deg slope had mean runoff values 
equivalent to those obtained from MA6. 
Plots planted with maize and cover crops yielded less determinate amounts of runoff 
with increased storm sizes (Table 6.14). When comparing mean runoff on treatments 
of maize intercropped with legumes, the rain classes between 5 to 9.9 mm caused the 
least runoff but the classes from 10 to 14.9 to 30 to 34.9 mm were grouped as having 
similar impact in causing similar mean quantities of runoff. However, the class 40.1 to 
90 mm was clearly the class causing statistically significantly higher amounts of 
runoff for any cover treatments and on both slopes. The mean values of runoff for this 
class ranged from 12 mm up to 16 mm per rainfall event .. 
Table 6.13. Total and mean values of runoff measured from plots planted with 
maize as single crop, and classified by size of rainfall in 1995 • 
Storm . MA6 MAll MA1S 
class Total Meant S.E. * Total Meant S.E. Total Mean S.E.* 
mm mm mm (±) mm mm (±) mm t (±) 
mm mm mm mm 
1105 0.56 0.20 e 0.03 1.76 0.5ge 017 5.00 1.67 e 0.78 
5.1 to 10 10.31 0.79 e 0.22 11.14 0.86e 0.19 25.89 1.9ge 0.31 
10.1 to 15 9.96 1.24 e 0.36 12.63 1.58e 0.43 26.50 3.31 e 0.40 
15.1 to 20 17.69 4.42 be 0.89 22.63 5.66b 1.08 35.98 8.99 be 1.60 
20.1 to 25 37.34 5.33 b 1.45 41.58 5.94b 1.90 7023 10.03 b 2.06 
25.11030 13.89 3.47 be 0.46 14.47 3.62 be 0.40 39.87 9.97 be 0.32 
30.1 to 35 14.57 486be 2.22 15.7 5.23 be 2.28 35.16 11.72 b 5.69 
35.1 to 40 12.96 3.24 be 1.10 17.63 4.41 be 1.11 45.15 11.29 b 3.25 
40.1 toW 85.92 10.74 a 2.17 101.6 12.70 a 1.78 2000 25.00 a 4.46 
Total 203.2 3.12 239.1 369 483.78 763 
t Companson of mean differences by column and grouped by Fisher LSD test; m mdlVldual columns, 
means with the same letter are not significantly different at 95% probability. * S.B. = Standard errer. 
Increases in the volume of runoff with size of the storm for forest and agricultural 
treatments can be seen in Figures 6.14, 6.15 and 6.16. The trend is strongly evident 
for storms bigger than 40 mm, particularly for agricultural treatments and the Fired 
Forest, whilst for Natural Forest, the increase in runoff was not as pronounced. Firing 
has a direct effect in increasing the amount of runoff. But the increase does not 
approach that of agriculture (Figure 6.14). 
From the results presented in this section, it appears that total rainfall alone might 
explain a large proportion of the runoff response. However, other factors (such as crop 
cover) are also important in defming the responsiveness of treatments. Indeed, the 
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response to rainfall magnitude differed between treatments and was dependent on the 
angle of slope. 
Table 6.14. Total and mean values of runorr measured from plots planted with 
maize intercropped with leguminous cover crops, and classified by size of 
rainfall 1995 , . 
Storm class 
<'I.m 
Maize Canavalia • 11 deg Maize Canavalia • 18 deg 
Total Meant S.E. :j: Total Meant S.E. :j: 
mm mm (±)mm mm mm (±)mm 
ltoS 0.76 0.25 b 0.09 1.40 0.47e 0.16 
5.1 to 10 5.57 0.43b 0.11 15.78 1.21 e 0.34 
10.1 to IS 7.98 l.00b 0.30 15.26 1.91 be 0.44 
15.1 to 20 11.21 2.80b 0.82 21.46 5.37 b 1.20 
20.1 to 25 14.32 2.05 b 0.76 32.25 4.61 b 0.94 
25.1 to 30 607 1.52b 0.58 17.24 4.31 be 0.85 
30.1 to 35 6.39 2.13 b 0.74 17.20 5.73b 2.52 
35.1 to 40 10.25 2.56 b 1.38 25.23 6.31 b 367 
40.1 to 90 72.60 9.08 a 1.99 99.87 12.49 a 2.27 
Total 135.15 0.98 245.69 2.22 
Storm class Maize Mucuna· 11 deg Maize Mucuna • 18 deg 
mm 
Total Mean t S.E. :j: Total Meant S.E. :j: 
mm mm (±)mm mm mm (±)mm 
ltoS 0.64 0.21 e 0.08 1.20 0.40 e 0.11 
5.1 to 10 3.34 0.26 e 0.07 8.02 0.62 e 0.08 
10.1 to IS 4.17 0.52 e 0.11 9.96 1.25 be 0.29 
15.1 to 20 6.10 1.52 be 0.48 9.51 2.38 be 0.42 
20.1 to 25 2065 2.95 be 1.12 20.96 2.99 be 0.83 
25.1 to 30 6.39 1.60 be 0.45 13.97 3.49 be 1.35 
30.1 to 35 13.24 4.41 b 2.41 16.13 5.38 b 2.80 
35.1 to 40 10.58 2.65 be 1.68 18.48 4.62 b 2.78 
40.1 to 90 86.14 10.77 a 1.89 97.30 12.16 a 2.17 
151.25 1.84 195.53 2.31 
t Companson of mean differences by column and grouped by Fisher LSD test; ID mdl Vidual columns, 
means with the same letter are not sigmficantly different at 95% probability. * S.E. = Standard erroc 
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For similar treatments under agricultural use, the second most important factor 
controlling the amount of runoff, after rainfall, was ground-slope. However, the 
pattern of growth and the surface cover provided by the leguminous crops has an 
enormous effect. This is sustained by the statistically significant differences in runoff 
obtained for a given cover crop treatment (MA, MC, or MM) but on different slopes 
(11 vs. 18 deg). In addition, other factors such as rainfall intensity, as well as plant 
and soil status are considered to have had an important role in determining the 
response of treatments to rainfall. 
Highly significant relationships were obtained between mean values of precipitation 
by rainstorm-class and mean values of runoff for each agricultural treatment (Figure 
6. 17). The association between rainstorm class and runoff was best explained by a 
power equation: Runoff = a P b (Table 6.15). In explaining the relationship between 
rainfall class interval and mean runoff, the power equation was superior to a linear 
relation, in that it accounted better for the small-sized rainstorm classes, as well as for 
those of intermediate classes. However, during 1995, the rainstorm classes 15.1 to 20 
mm and 20.1 to 25 mm yielded higher means, in most treatments, than the next two 
higher classes (ie. 25.1 to 30 mm and 30.1 to 35 mm). The two intermediate classes, 
15.1 to 20 mm and 20.1 to 25 mm, were associated to medium and high values of the 
erosivity indices EIJo and KE25. 
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When analysing the coefficient a of the power equations, a gradual decrease in its 
value can be seen, giving MA>MC>MM in a proportion 1:0.39:0.15 for treatments on 
an 11 deg slope; and 1:0.47:0.23 on an 18 deg slope. But the contrary holds for the 
exponent b, where the role of cover crops is felt most, so that MM>MC>MA or 
1:0.80:0.75 on an 11 deg slope; and 1:0.91:0.83 on an 18 deg slope. 
Table 6.15. Mean runoff (mm) in agricultural treatments as a function of mean 
values of rainstorm class (mm). Runoff = a P b. Data from 1995. 
Treatment a b r Signf. t 
MA6 0.0407 1.381 0.940 *** 
MAll 0.1063 1.145 0.945 *** 
Mcn 0.0411 1.225 0.952 *** 
MM 11 0.0155 1.532 0.963 *** 
MA18 0.2187 1.074 0.976 *** 
MC18 0.1022 1.181 0.976 *** 
MM18 0.0509 1.299 0.994 *** 
t Statistical significance: *** significant at 1"'0.001 for r~ 0.765 for n=8 
For each treatment under agricultural land use, it is the coefficient a that appears to 
have major control over predicting the production of runoff in response to rainfall. 
The largest value for a comes from MAI8 and it was more than four times that for 
MMI8. It has the lowest value on MMll (ie. MMll is the treatment least susceptible 
to precipitation) whereas MAll has an a coefficient 7 times higher. Values of the a 
coefficient seem to be related to the level of protection provided by crops growing 
over the soil surface. 
Thus, the coefficient a may be considered as an index of the susceptibility of 
treatments to rainfall. This in turn, might be taken indirectly to reflect the level of 
vulnerability/resistance to precipitation through interception by the canopy of 
vegetation. Intercropped treatments had higher plant population and biomass which 
increased surface soil roughness against overland flow by means of the litter and plant 
stems. Furthermore, the cover crops helped maintain a high infiltration capacity by 
preventing raindrop impact directly onto the soil surface, thus reducing risk of soil 
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compaction and the breakdown of aggregates which further might reduce soil 
infiltration by surface sealing and crusting (Meyer, 1986; Zobeck and Popham, 1992; 
Farres and Muchena, 1995; Williams et al., 1995; Fattah and Upadhyaya, 1996). 
For the three treatments on an 18 deg slope, the exponent, b, had a value that differed 
by 21 % between the lowest for MA18 and the highest for MM 18. A similar difference 
can be observed for the treatments on an 11 deg slope with 35% between MAll and 
MM11. The exponent b can be taken as an indication of the rate of growth of runoff 
as a function of increasing rainfall Again, it reflects the impact of cover on the 
rainfall-runoff process. 
The variation in the coefficient a and exponent b indicate that larger amounts of rain 
(and, probably, rainfall intensity) are required to produce similar runoff where 
biomass is greater under the cover crops. The results here are concurrent with those of 
Nill and Nill (1994) in that they associated higher amounts of surface cover with 
reductions in the amount of storm runoff. 
6.5.1 Effect of rainstorm-pattern and -size on runoff 
After the runoff from all agricultural and forest treatments was classified as a function 
rainstorm pattern, it emerged that the type of rainfall delivery has a significant and 
important effect on producing runoff. The pattern seems to be more important than the 
amount (mean or total) of rainfall delivered. Total seasonal runoff as well as storm 
runoff from the two forest treatments and from most of the agricultural treatments 
(with the exception of MC18 and MM18) were higher under the time delayed (TO) 
rainstorm pattern (Table 6.16). This occurred in spite of the fact that the highest 
seasonal amount of rainfall was delivered under the time intermediate pattern (TI), or 
that the highest storm rainfall was registered under the time intermittent (TT) pattern. 
The least important type of rainfall appears to be the time advanced (TA) pattern if 
only because it occurs after the canicula and once the vegetative cover is more 
abundant. 
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Table 6. 16 • Mean and total values of rainfall and runoff classified by rainstorm 
pattern and as measured from the forest and agricultural treatments. 1995. 
Rain/Runoff by storm pattern, mm t 
TA Time TI Time TDTime TT Time 
advanced intermediate delayed intermittent 
Mean Rain(SE±)t 23.41 (605) 17.46 (312) 28.69 (5.35) 32.71 (7.7{f) 
Total rain 187.31 401.59 344.28 359.76 
Runoff from Forest treatments 
NF, mean (SE±) 0.49 (010) 0.71 (OU) 1.38 (045) 0.96 (031» 
NF, Total 3.95 16.28 16.61 10.58 
FF, mean (SE±) 1.88 (034) 1.07 (017) 3.71 (l4{f) 2.87 (116) 
FF, Total 15.04 24.63 44.53 31.18 
Runoff from Maize as a single crop 
MA6, mean (SE±) 3.23 (196) 2.49 (068) 5.77 (197) 4.63 (124) 
MA6, Total 25.80 57.24 69.22 50.96 
MAll, mean (SE±) 3.61 (08{f) 3.01 (074) 6.33 (194) 5.92 (172) 
MAll, Total 28.89 69.14 75.99 65.10 
MAIS, mean (SE±) 7.39 (141) 6.07 (1.35) 13.06 (418) 11.67 (302) 
MAtS, Total 59.13 139.55 156.72 128.36 
Runoff from Maize intercropped with legumes 
MCll mean, (SE±) 1.08 (025) 1.93 (061) 3.95 (142) 3.15 (141) 
MCll Total 8.62 44.46 47.44 34.61 
MCtS mean, (SE±) 2.9 (059) 3.996 (115) 5.88 (154) 5.43 (165) 
MCI8, Total 23.53 91.90 70.57 59.71 
MMll mean, (SE±) 1.16 (041) 2.35 (091) 4.52 (162) 3.05 (12) 
MMll, Total 9.30 54.14 54.29 33.49 
MMIS mean, (SE±) 1.89 (055) 3.30 (1 IIT) 5.09 (1621) 3.95 (14) 
MMIS, Total 15.11 75.90 61.07 43.43 
t Only rainfall causmg runoff was used, i e. 54 ramfall events. * data from rainfall causing runoff; and 
SE = Standard Errer in lrackets 
I.AREVALO-MENDEZ 6.177 
Forest treatments (NF and FP) responded in a similar manner (in most cases) to the 
influence of rainstorm pattern (Figure 6.18). Nevertheless, runofffrom FP was always 
higher (between 1.5 and 3 times) that of the NF. When ranking seasonal runoff from 
highest to lowest the relative importance of rain patterns is as follows: 
TD>TT>11>TA However, no statistically significant differences in runoff (within 
the same treatment) were obtained. The statistical analysis consisted on a single 
analysis of variance for means on each treatment based on storm-pattern as the source 
of variation. 
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Intermediate, TD = T_ Delayed, TT = T. Intermittent). 
Treatments of maize as a single crop (MA) gave similar response (but increasing as a 
function of ground-slope) to the different storm patterns. The TD pattern was the most 
aggressive form of rainfall as it generated higher values on both the total and mean 
runoff (Figure 6.19) and in second place was the 11 pattern. This situation is perhaps 
not surprising as the TT and TO patterns were top ranking in delivering higher mean 
precipitation (Table 6.16), which also had greater values of ElJo and KE2S. However, 
statistical analysis of differences in mean runoff showed that mean runoff under 
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rainstorms of the type ID was significantly higher than that obtained under type 11: 
ie. runoff from rainfall of the ID pattern was statistically significantly higher than 
that under the commonest form of rainfall, 11. 
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plots planted with maize as a single crop. 1995. (TA = Time advanced, TI = T. 
Intermediate, TD = T. Delayed, 17 = T. Intermittent). 
The effect of rainstorm pattern was not always the same within treatments of maize 
intercropped with leguminous cover crops. The treatments of maIze and Canavalia 
(MC) and of maize and Mucuna (MM) planted on an 11 deg slope, gave similar 
response to rainstorm pattern (Figure 6.20). In the case of treatments of the18 deg 
slope highest total runoff was obtained under the 11 pattern. This was not only 
different from the situation observed for cover crops on an 11 deg slope, but also from 
the other agricultural and forest treatments. 
There are no significant differences between mean runoff of the treatments. Even so, 
the differences between the highest and lowest values were accounted for up to 400%. 
I.AREVALO·MENDEZ 6.179 
180 
160 
140 
E 120 
E 100 
..: 
'5 80 c 
::l 
a: 60 
40 
20 
0 
e- t t t + + + t + t + + + + + + • 
e-
MC18 
-
MClt MMlt MM18 
, 
; 
" 
, 
n 
, 
n , ~ , n In , , , , 
TA TT TO TI TA TT TD TI TA TT TO TI TA TT TD TI 
Rainstorm-pattern class 
. 10 E 
E 
5 i 
o i 
i 
i 
:2 
Figure 6.20. Total (bars) and (.) mean runoff values by storm pattern as 
measured from plots planted with maize and cover crops. 1995. (TA = Time 
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A possible explanation for the higher responsiveness to the time delayed pattern is the 
initial wetting of the canopy and soil surface achieved by the rainwater falling at the 
beginning of the rainfall event. This initial rain was typically of low intensity and 
most of it will have infiltrated into the soil or satisfied interception storage. No runoff 
occurred at this initial stage of the rain. The effect of the initial wetting is in reducing 
the initial, normally, high infiltration capacity (sorptivity). Once the main burst of rain 
was delivered, the infiltration capacity of the soil was already reduced and hence it 
was prone to generate overland flow. 
The classification of runoff from the forest and agricultural treatments was recast 
taking account of rainstorm size classes (Tables 6.17 and 6.18). For each one of the 
treatments (with the exception of MC18 and MMI8), the highest mean runoff value 
was obtained under the TO pattern and rain-class 40.1 to 90 mm. The TA pattern 
caused largest amounts of runoff under the smallest rain class (5 to 10 mm) in both 
agricultural and forest treatments. A possible explanation is that by delivering the bulk 
of the rainfall at the beginning of the TA storm, the initial infiltration capacity into the 
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soil is rapidly saturated and so is the canopy interception storage. This forces a high 
proportion of the rainwater to be converted in overland flow. 
Mean runoff from the natural forest treatment was never higher than 3 mm and the 
highest mean runoff in FF was more than three times higher to that of NF. The results 
here show the importance of vegetation canopy and litter in reducing the amount of 
runoff. Under the NF treatment. the response to any form or size of rainfall was 
consistently smaller than any other treatment. This is substantiated by the statistical 
analysis that showed significant differences between NF and FF and the agricultural 
treatments. 
Table 6.17. Mean values of runoff (mm) from treatments established on natural 
forest (NF) and fired forest (FF), as a function of rainstorm pattern and rainfall 
class intervals. 
Runoff from Forest treatments 
Stol0 SE. " 10.1 tolO SE." lO.1to 30 SE. " 30.1 to 40 s.£." 40.1 to 90 So£. " 
NF TA 0.32 004 0.42 015 0.32 000 0.68 000 104 000 
NF Tt 0.28 007 0.43 009 1.11 019 1.36 047 2.11 087 
NF ID 0.16 002 0.83 007 0.96 034 251 000 2.80 155 
NF TT 0.29 014 061 004 069 018 1.03 012 2.11 182 
FF TA 0.80 012 1.58 031 305 000 2.81 000 2.81 000 
FF Tt 0.42 009 083 010 1.82 027 2.23 006 2.27 112 
FF ID 0.33 014 1.56 042 1.73 074 2.25 000 10.59 323 
FF TT 0.53 019 2.50 0.51 1.99 047 1.90 046 8.23 602 
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Maize planted as a single crop gave the highest response to the TO pattern on the 
highest rainstorm class (i.e. it gave the highest mean runoff in the highest rainstorm 
class 40.1 to 90). Its response was highest to the TA pattern in the lowest rainstorm 
size class (i.e. it gave highest runoff under TA in the 5 to 10 mm rainstorm class 
interval). However, the response of MA treatments to rainstorm pattern differed in 
other rainstorm-size classes (Figures 6.21, 6.22, and 6.23). The second most important 
form of rainfall, for most of the rainstorm classes, appears to be the TI pattern. 
Maize intercropped with legumes reported the highest mean runoff under two 
different patterns (TO and TI) in the largest rainstorm class (40.1 to 90 mm). But the 
treatments planted on an 11 deg slope (MCll and MMll; Figures 6.24 and Figure 
6.25) produced higher runoff under the TD pattern, whilst those planted on an 18 deg 
slope (MCI8 and MMI8; Figures 6.26 and Figure 6.27) yielded higher runoff means 
under the TI pattern. Unfortunately, the small amount of rainfall events per rainstorm 
pattern type and rainfall class prevents from doing a valid statistical analysis. 
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Table 6.18. Mean values of runoff (nnn) from treatments of maize as a single 
crop (MA) and maize intercropped with legumes (MC and MM), as a function of 
rainstorm patteru and rainfall class intervals. 
Runoff from Un-protected treatments 
S to 10 S.E.: 10.1 to 20 SE.: 20.lto 30 SE.: 30.1 to 40 S.E.: 40.lto 90 S.E.: 
MA6 TA 2.36 021 
MA6 TI 0.42 010 
MA6 ID 0.64 058 
MA6 IT 0.38 012 
MAll TA 2.14 000 
MAll TI 058 010 
MAll ID 0.72 063 
MAll IT 068 018 
MA18 TA 3.68 089 
MA18 TI 1.55 023 
MAt8 TO 1.54 116 
3.31 
1.51 
1.94 
4.37 
3.35 
2.01 
3.32 
5.21 
5.93 
3.35 
4.96 
185 
054 
104 
no. 
189 
062 
221 
na. 
199 
065 
149 
2.93 
486 
3.33 
6.29 
3.43 
4.59 
3.72 
7.71 
964 
9.60 
885 
no. t 
1.91 
114 
400 
na 
156 
079 
6.39 
no. 
222 
071 
2.92 n.a. 5.32 na. 
5.29 1.15 7.76 452 
1.71 na 16.81 021 
402 245 7.32 454 
4.57 no. 6.57 no. 
6.17 132 11.29 156 
2.57 n a 16.95 022 
4.61 241 10.79 586 
11.54 na 12.79 na 
15.32 460 19.16 164 
429 na 3597 4.36 
MA18 IT 2.50 071 13.03 na 11.83 707 11.28 574 2049 1371 
Runoff from treatments of protection 
Stol0 S.E.: 10.lto20 S.E.: 20.lto30 S.E.: 3O.lto40 SE: 40.1 to 90 SE.: 
MCll TA 0.785 0286 
MCll TI 0.279 0054 
MCll ID 0.755 0673 
MClt IT 0.232 0089 
MMll TA 0.214 0071 
MMll TI 0.218 0049 
MMll TO 0.506 0440 
MMll IT 0179 0071 
MC18 TA 2.934 1566 
MC18 TI 0.724 0114 
MC18 TO 1.635 1.371 
MC18 IT 0.398 0209 
MM18 TA 0.672 0173 
MM18 TI 0623 0092 
1255 
1142 
2215 
307 
1066 
0568 
1014 
1 186 
2834 
2128 
3.549 
6940 
1595 
1.159 
0704 1071 
0441 2063 
1299 0924 
na 2762 
0.717 1929 
0176 2936 
0529 2741 
nn 1715 
1.368 3908 
0662 4.596 
1812 4178 
"a 4 889 
0726 2829 
0318 3334 
na 
0693 
0102 
2714 
na. 
2032 
0533 
1.554 
a.a. 
1523 
0372 
2822 
na 
1432 
o 929 11 a 1.286 n.o. 
4 007 2 650 9 853 079 
1811 na 11567 1835 
1964 0817 8453 7739 
0643 no. 3107 na 
5 114 2542 13.578 385 
1429 no. 13530 1457 
3841 2679 7643 4500 
1627 no. 3624 a.a 
11 116 6119 16.703 1.297 
2474 no. 13881 2034 
5%6 2600 10605 8184 
1225 na. 4929 na. 
7805 4910 17468 1536 
MM18 ID 0479 0279 2178 0630 2892 0094 2742 no. 14054 1588 
MM18 IT 0.348 om 2m an 3162 3.!02 5009 2984 7633 6521 
t n.a. slandard erroc not avatlable for reduced nwober of cases Within a class. 
I.AREVALO-MENDEZ 6.183 
., ., 
Storm I'IIUenu Time Adftnee41 
10 
" 
.. ,. 
." "I • 
'"i 'I" 
oil", 
"I 
'" 
,. 
10 
• 
r-l 
• 
'Ill 10 Io,t .. :ao "".,. "" . ., «).1 ID to 
.. 
" Slo ... "'11_1 TInte 1.lel'llttdl.te 
" 
.. 
.. 
'" 
," " I , 
"i " ." oii,. 
.. ! 
" 
10 
.. + 
r::::-1 ... 
• 
, .. 10 10.111120 2(1.111.30 XU .. 4O «1.111190 
.. 
" StO .... Pallenll TiMe Delay" 
" 
.. 
.. ,. 
," " I 
• ' , 
"i " ." • 
oil", 
- .. ! 
" 
.. 
.. 
• • 
, .. 10 10.1 .. 20 20.1 .. 30 :KI.111>'" 40.1",90 
.. 
" 810 .... hll_1 n.e 1.lend,Ie., 
" 
.. 
.. ,. 
." " I 
• ,,~ 
" ." 1 • 
oii", 
-! 
" 
.. 
.. 
• 
'.10 10.1 .. 20 20.1 .. 30 »111>40 40.1 .. 90 
a..-. ... lllll1n01,_ 
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Figure 6. 27. Total (bars), mean (-) and standard error (vertical lines) of storm 
runoff from MM18 by rainfall pattern and rainfall size, 1995 wet season. 
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6.6 Discussion 
Rainfall characteristics of 1994 and 1995 indicate rather different seasons. It is 
considered that having two contrasting wet seasons represented a good opportunity to 
test the soil conservation treatments. This is because, as shown by Ghidey and Alberts 
(1996), important amounts of measured erosion occur from few events with low 
return frequencies. 
There was a difference of 745 mm between the precipitation registered during the wet 
seasons of 1994 (767 mm) and 1995 (1512 mm). These figures were 33% lower and 
37% higher, respectively, than the expected rain season average of 1135 mm. There 
was also a difference i. n the number of rainstorms registered during the wet seasons in 
both years: those registered in 1994 (47) represented 60% of the number (79) 
registered in 1995. After the rainstorms were classified by amount intervals, it was 
clear that the most important storms were those that ranged between greater than 5 
mm and 20 mm. However, in 1995 storms greater than 40 mm delivered more than 
30% of the total rain. 
As with the seasonal total precipitation, mean values of the erosivity indices Eho, 
KE25, and Pho, were, respectively, 3.5, 2.6, and 2.9 times greater in 1995 than those of 
1994. For this reason, it is clear that a potential for higher erosion occurred during the 
1995 wet season. This is not only due to differences in total amounts of precipitation 
but also to the intensity of a few individual storms. 
Given the fact that only in relatively few storms, and for short intervals of time within 
a given storm, is that I reached values greater than 25 mm h·t, Hudson's KE25 
expressed lower erosive potential on rainstorms occurring in both seasons as 
compared to the erosivity potential obtained when using the Eho index. However, it is 
important to point out that the KE25 index was developed as an index of rains causing 
splash. As Hudson (1971- 1995) explains it, the main reason for its development was 
that most of the kinetic energy computed under the Eho index does not necessarily 
cause:; detachment of soil particles, 
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Highly statistically sIgnificant relationshIps were obtained between rainfall amount 
(P) and rainstorm erosivity (Eho) The two year set of data was used to produce a 
composite equation for each sub-season 
E130 = 0.0301 p2000t7 
.-2=0 849,n=40, 
Eho = 0.0457 plo7627 
.-2 = 0 839, n =86, 
Pre-canicu!a Equation 6.13 
Post-canicula Equation 6.14 
where P is daily precipitation, mm, and the ramfall erosivlty mdex E130 in kJ mm mo2 
hol, and the coefficients of determination statIstically significant at the 99% 
probability level A comparison between values of EI3.D derived from equations 6 13 
and 6 14 and those obtained from directl) measurements of rainfall intensity and 
energy is shown in Figure 6 28 
Figure 6.28. Covariation between derived values and measured values of Eho 
using combined data from 1994 and 1995; data separated in (+) pre-canicula and 
(0) post-canicu!a. 
I 
I 
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The degree of covariation when the data were separated in pre- and post-canicula sub-
seasons, using both 1994 and 1995 data, as given by the coefficients of determination 
is r = 0.931 and r = 0.845, respectively. These values are statistically significant at 
p=O.OI and indicate that computed values of E13' do not differ from unity. This kind 
of relationship is useful under situations of limited availability of rainfall data 
(Bagarello and D' Asaro, 1994; Obi and Salako, 1995). Hudson (1995) reasoned that a 
valid justification existed for the derivation of El values from the very detailed 
precipitation intensity-duration data; but he recommended being cautious about 
producing "synthetic" values of El. Whatever the method of generating El, the present 
study shows that it is important to separate the data into pre- and post-canicula 
periods when analysing the erosivity potential of rainstorms. 
In order to establish a comparison between measured and estimated values of the 
rainfall erosivity in 1994 and 1995 and available models for the region, the model 
developed by Mikhailova (1995) for estimation of rainfall erosivity, R, was used 
(Table 6.17). Such a model (presented in Chapter 4, Section 4.6) uses annual rainfall, 
P, and land elevation, E, to estimate an annual value of the rainfall erosivity index 
which can then be used in conjunction with the rest of the USLE parameters. The 
values entered for the experimental site were the long term rainfall average for 
Guinope, P = 1435.1 mm a· l ; E = 1350 m above sea level is equivalent to 5 677.1 MJ 
mm ha·1 h·1 a·l • This value is 1.7 times greater and 0.5 times smaller than those 
measured in 1994 and 1995, respectively. 
Possible problems in using Mikhailova's model are: a) due to lack of available data, 
the author used a limited number of climatic stations having actual measurements of 
rainfall (this implies that there was some reliance on extrapolation for climatic 
stations with no suitable data); b) the model does not consider seasonal variability in 
rain storm types and assumes that erosivity will be similar throughout a rain season; c) 
it is based on annual figures of rainfall, disregarding seasonality of both rainfall and 
agricultural practice, and it does not provide an option to calculate R for restricted 
periods of time (ie. higher erosion might take place if agricultural operations occur at 
the height of the rain season). Such a model is an attempt to provide a tool for 
predicting soil losses in regions that lack any detailed climatic records. However, 
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further research is obviously needed to establish a good basis for predicting soil losses 
in environments such as the one where this study was established. 
On the other hand, the annual values estimated using equations 6 13 and 6 14 show' a 
variability lowerthanl0% (Table 6 28), whilst a comparison between the arithmetic 
average between 1994 and 1995 against the estimated value from the Mlkhailova 
model showed a difference of 30 % This implies that whenever possible it could be 
preferred to estimate values of El;o out of individual rainfall precipitation (using 
either equation 6 13 or 6 14) rather than an annual estimate 
Table 6.19. Comparison between measured and estimated values of Eho and R 
1994 1995 Mikhailova (l99S) 
Measured 32667 11 471 9 
Estimated t 29601 111337 56771 
Difference (%) 10 3 30 + 
t Summatory of mdlVldual values estunated usmg eqnatlons 6 13 and 6 14; t drlference from the 1994 
and 1995 average El =7 369 3 . 
Classifymg rainstorms accordingly with their delivery pattern has been acknowledged 
by several authors as an appropriate means for assessmg the effect of natural rainfall 
on the production of runoff and sediment (Wischmeier, 1959, Gupta et aI, 1982, Obi 
and Salako, 1995, Rudolph et aI, 1997). In this study, for both years, the most 
important total contribution of erosive potential was that from Time IntermedIate 
storms, which is not surprising as it was the commonest type of rainfall However, the 
pattern with the highest mean value for erosive potential differed between both wet 
seasons In 1994 the highest intensity was measured under the Time Advanced pattern, 
whtch, also, registered highest mean values for most erosivity indices. In 1995, 
, 
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highest mean values of potential erosivity were registered under the Time Delayed 
pattern. 
After analysing the erosive characteristics of rains in relation with the production of 
runoff from agricultural treatments, results obtained in 1995 demonstrated the 
beneficial effect of incorporating a second crop as a means of protection, as their 
mean runoff under any rainstorm pattern or size wa& always smaller to those from 
their counterparts without protection. 
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7. RUNOFF AND SOIL Loss FROM FOREST TREATMENTS 
In this study, direct field measurements of runoff and soil losses were markedly 
higher under fired forest treatments as compared with undisturbed natural forest. Fire 
in forests, either accidental or intentional, has been associated with increases in 
overland flow and in soil erosion in areas varying in size from small runoff plots up to 
medium to large watersheds. (Wells et al., 1979; Hudson, et al., 1983a!b; McNabb. 
and Swanson, 1990; Burroughs, 1992; Cerd~, 1995; Cerd~ et al., 1995; Garcia-Oliva 
et al., 1995; Kutiel et al., 1995; Lavee et al., 1995). The production of sediment from 
fired forest contributes to siltation of dams in which case has a potential impact in 
reducing the ability to produce electricity (Leonard, 1987). 
There were 15 runoff events recorded in 1994 and 54 runoff events in 1995. The 
measured values of runoff and soil loss following any erosive storm in both 1994 and 
1995 are presented in Tables 7.1 and 7.2, respectively, and shown in Figure 7.1. A 
summary of analytical information on runoff from the Natural and Fired Forests (NF 
and FP) is presented in Table 7.3 for both years. Although no statistically significant 
differences were observed between replicates of the same treatment, it was observed 
that plot 1 (which has a slope of 19 deg, 3 deg steeper than NF plot 2) in the Natural 
Forest treatment tended to deliver higher rates of runoff and sediment. 
In 1994, average (two replicates) total runoff from Fired treatments was 31% higher 
than that from plots of undisturbed forest. Similarly, soil losses in FP were 30% 
greater than those measured in NF. However, both treatments presented rather similar 
storm means of 1.17 mm and 1.54 mm, respectively, and differences in mean runoff 
between treatments (i.e. FP vs. NF) were not statistically significant at 95% according 
to single analysis of variance and the paired t test. It is considered that the absence of 
significant differences between means in 1994 may be due to the fact that most of the 
runoff in this year was measured during the second part of the rain season, when most 
of the understorey vegetation (ferns, broad-leaved plants and grasses) had recovered. 
Statistical analyses are presented in the Appendix. 
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Table 7.1. Runoff and soil losses measured from the forest plots during the rain 
season in 1994. 
Runoff. mm Soil loss km·' 
Runoff Fired Fired Natural Natural Fired Fired Natural Natural 
1 0.41 0.47 0.28 0.36 0.0013 0.0007 0.0009 0.0009 
2 0.82 0.78 0.72 0.67 0.0007 0.0011 0.0021 0.0005 
3 0.60 0.56 0.50 1.14 OJ)()IO 0.0005 0.0009 0.0003 
4 1.28 1.64 0.78 0.71 0.0021 0.0024 0.0060 0.0007 
5 0.27 0.34 0.34 0.29 0.0006 0.0010 0.0003 0.0001 
6 0.51 0.46 0.42 0.41 0.0002 0.0003 0.0002 0.0001 
7 1.45 1.39 1.19 1.17 0.0011 0.0019 0.0010 0.0005 
8 4.66 3.20 3.98 2.58 0.0092 0.0069 0.0106 0.0012 
9 1.29 1.64 0.79 0.71 0.0001 0.0007 0.0008 0.0001 
10 0.85 1.07 1.09 0.74 0.0001 0.0003 0.0003 0.0000 
11 0.55 0.73 0.73 0.36 0.0003 0.0002 0.0003 0.0000 
12 1.28 1.09 1.28 0.73 0.0005 0.0003 0.0007 0.0001 
13 2.19 2.00 2.15 1.82 0.0017 0.0012 0.0024 0.0004 
14 2.19 3.37 1.46 1.46 0.0006 0.0022 0.0010 0.0001 
15 3.83 5.29 3.28 3.10 0.0021 0.0046 0.0024 0.0004 
Total 22.166 24.039 18.973 16.249 0.0215 0.0243 0.0299 0.0053 
Mean 1.478 1.603 1.265 1.083 0.0014 0.0016 0.0020 0.0004 
S.E. (±) 0.329 0.357 0.280 0.216 0.0006 0.0005 0.0007 0.0001 
Median 1.276 1.094 0.786 0.729 0.0007 0.0010 0.0009 0.0003 
Std. Dev. 1.275 1.381 1.085 0.837 0.0023 0.0019 0.0028 0.0003 
Minimum 0.275 0.340 0.282 0.289 0.0001 0.0002 0.0002 0.0000 
Maximum 4.660 5.285 3.980 3.098 0.0092 0.0069 0.0106 0.0012 
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Table 7.2. Runoff and soil losses measured from the forest plots during the rain 
season in 1995. 
Runoff, mm Soi11oss, kg m·' 
Event FP FF2 NF1 NF2 FP1 FF2 NF1 NF2 
1 233 200 125 067 000255 000099 000082 000062 
2 0.55 058 017 014 000322 000342 000078 000061 
3 054 038 061 043 000112 000060 0001ll 000000 
4 1.02 098 067 033 000000 000000 000000 000000 
5 1.32 154 110 104 000266 000140 000348 000093 
6 191 246 233 133 004183 004346 001200 000719 
7 140 1.50 195 130 000645 000610 000346 000360 
8 2.50 225 221 250 028865 000750 000022 000099 
9 049 064 067 029 000000 000000 000000 000000 
10 163 129 123 127 000079 000032 000146 000021 
11 229 204 179 193 005416 005450 000000 000000 
12 090 105 031 029 001774 001754 000104 000056 
13 102 129 068 086 000705 001032 000016 000009 
14 033 060 018 019 000007 001113 000008 000007 
15 154 197 088 073 000037 003411 000079 000017 
16 029 016 033 027 000103 000165 000000 000007 
17 192 257 257 245 000177 000093 000046 000032 
18 051 071 077 054 000485 002828 000034 000007 
19 067 082 023 049 001000 000906 000046 000002 
20 097 117 064 077 000289 002172 000092 000010 
21 176 194 088 112 000153 000229 000020 000006 
22 0.35 021 026 071 000889 001286 000097 000012 
23 289 257 143 183 000189 003929 000127 000000 
24 196 257 096 082 000589 003006 000141 000012 
25 201 274 079 090 000943 004483 000432 000024 
26 1327 1384 126 118 057738 015673 000400 000050 
27 1402 1444 357 429 001228 042873 000321 000065 
28 1387 1429 321 857 003891 001946 000000 000000 
29 089 094 029 043 000358 000579 000050 000073 
30 236 250 071 107 000000 002143 000000 000000 
31 022 016 013 015 000000 000000 000000 000000 
32 229 271 062 061 000191 000517 000007 000006 
33 183 229 045 086 000043 000000 000095 000017 
34 068 082 074 073 000318 000143 o oooos 000002 
35 189 179 057 086 000012 000008 000001 000001 
36 014 018 005 009 000000 000000 000000 000000 
37 025 043 007 007 000000 000000 000000 000000 
38 032 036 014 014 000000 000000 000000 000000 
39 176 250 018 0.21 000000 000000 000000 000000 
40 064 071 021 036 000045 000009 000011 000000 
41 032 036 011 014 000100 000837 000016 000002 
42 268 343 029 036 000221 000534 000022 000000 
43 141 1.57 043 064 000288 000247 000033 000008 
44 300 262 064 143 000372 000499 000011 000003 
45 133 175 034 039 000220 000474 000008 000012 
46 068 075 014 032 000074 000303 000001 000000 
47 270 292 036 101 000395 000397 000008 000000 
48 231 214 021 036 000613 000154 000102 000011 
49 393 436 150 107 000482 000184 000063 000003 
50 179 257 068 086 001758 000259 000017 000000 
51 046 054 029 050 000000 000000 000000 000000 
52 2.57 257 110 093 000174 000301 000170 000003 
53 000 000 000 000 000000 000000 000000 000000 
54 036 107 043 043 000000 000000 000000 000000 
TotaJ 111 083 120620 43615 51222 11600 1063 0049 0019 
Mean 2057 2234 0808 0949 00215 00197 00009 00003 
0408 0420 0108 0175 00118 00084 OOOO~ 00001 
M",dlan 1403 I ~54 06~2 0689 00022 00032 00002 00000 
Min. 0000 0000 0000 0000 00000 00000 00000 00000 
Max. 14021 14444 3571 8571 05774 04287 00120 00072 
r----------------------------------------------------------------------------- I 
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Even so, the total soil eroded in 1994 from the fired treatments was 229 kg ha-I a-I, 
while losses from the natural forest were only 176 kg ha-I a-I. Some of this sediment 
may have been mobilised by disturbance when installing the runoff plots. Some of the 
difference undoubtedly arises because of the reduction in the litter depth due to the 
firing. However, a major reason for low and relative similar soil losses from both 
Forest treatments is the low seasonal precipitation, which, in 1994, was 67 % of the 
long term average. 
Table 7.3. Analytical Summary of information on runoff and soil losses as 
measured from the forest plots in 1994 and 1995. 
Mean 
Total 
Mean 
Total 
Runoff, mm, 1994 Soil loss, kg m-', 1994 
Fired Forest t Natural Forest t Fired Forest t Natural Forest t 
1.54 (±.0.33) 1.17 (±O.24) 0.0015 (±O.0005) 0.0012 (±O.0003) 
23.10 17.61 0.0229 0.0176 
Runoff, mm, 1995 Soil loss, kg m", 1995 
Fired Forest t Natural Forest t Fired Forest t Natural Forest t 
2.16 (±O.41) 
115.9 
0.879 (±O.14) 0.0205 (±O.OI) 0.0006 (±O.0002) 
47.4 1.11 0.034 
t Mean values from two replicates. 
In 1995, statistically sigmficantly higher volumes of runoff were recorded for the 
Fired Forest treatment (total=116 mm) with those for the Natural Forest (total = 47 
mm) treatment. Analysis of variance with a single factor yielded a significant 
difference between runoff values of each treatment at the 95% probability level 
Similar conclusions were reached when comparing each recorded value with a paired 
t test analysis. 
During 1995, because higher volumes of rainfall occurred, larger rates of soil loss 
occurred from the fired forest. A comparison between NF and FF soil losses showed 
them to be statistically significantly different. The number of runoff events which 
caused sediment yield greater than I g m-2 was 39 for Fired forest and 6 for Natural 
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forest. These sediment yields of more than 1 g m·2 in NF were caused by rainstorms 
that ranged between 25 and 88 mm (mean 40 mm), and runoff that ranged between 
0.8 mm to 3.4 mm. 
Nearly 50% of the total sediment from the Fired treatment was eroded from 7 runoff 
events that took place between 12 August and 30 August (Figure 7.1). The minimum 
rainfall of these events was 17.5 mm and the maximum reached 88 mm. There were 
three particularly high runoff events with a mean value of 13.7 mm, which originated 
from rainfall events Numbers 26, 27 and 28. These delivered precipitation of 58 mm, 
88 mm and 59 mm, respectively. The maximum flux of sediments from the fired 
forest (equivalent to a sediment production of 3670.56 kg ha· l ) was obtained from the 
second largest runoff (event number 27, runoff = 14.23 mm). 
The total sediment loss measured from fired plots (total soil loss equivalent to 11.12 t 
ha·1 a· l) was 33 times greater than that from a natural forest plots (total loss equivalent 
to 0.34 t ha·1 a·I ). This is similar to the results obtained by Oyarzun and Peiia (1995). 
They reported that soil losses from a no residues/burned plot in a forested area of 
pines in Central Chile were 46 times greater that from an unflred plot. The results 
obtained in this study also broadly confirm the results obtained by Hudson et al. 
(1982), they reported that the mean soil loss from fired plots was 20 times higher than 
that of an unfrred controL 
Sediment yield and runoff were highly correlated during the 1994 wet season (Figure 
7.2). In both treatments the coefficient of correlation was statistically significant at the 
1 % probability leveL The regression for both NF and FF are similar (slope of line at 
around 0.001 and the intercept at -0.0004 and -0.0003). The larger figure for FP 
implies that a marginally smaller amount of runoff is necessary to produce sediment 
in comparison to NF. 
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Figure 7.1. Cumulative runoff (0) and soil loss (+) as measured from the a) 
Natural and b) Fired Forest plots during the 1995 rain season. 
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Figure 7.2. Relationship between soil losses and runoff in forest treatments: a) 
undisturbed natural forest, and b) fired forest. Data for the 1994 wet season. 
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During 1995, there was no clear association between soil loss and runoff in NF, even 
after separating the rain season in pre- and post-canicula periods (Figure 7.3.a). This 
lack of correlation reflects an erratic response of the NF treatment to runoff. NF had 
the highest soil loss (0.010 kg m-2) during the frrst part of the wet season (runoff event 
No. 6, runoff of 1.83 mm), but the largest single runoff event (No 28) produced no 
soil loss. 
In the case of the FP treatment in 1995, a significant correlation (~~ 0.330, n= 17, 
1 % probability level) was obtained between runoff and soil loss on both pre- and post-
canicula periods. However, there is a wide scatter in the data for to the post-canicula 
period, during which the three largest runoff events (each runoff with similar figures = 
13 mm) produce different amounts of sediments. Such differences in sediment yield 
cannot be explained as a function of runoff or storm rainfall alone. The response to 
rain from fired forest was affected by changes on the hydrophobic conditions once the 
natural vegetation started to recover and possibly much of the ash was washed away 
with the runoff (McNabb and Swanson, 1990; Hudson, 1983a). This in turn could 
have improved the infiltration characteristics of the soil and thus the soil surface was 
less prone to produce sediments (Imeson et aI., 1992). Added vegetation (especially 
ferns and grasses) might have increased the roughness of the soil surface and thus 
reduced the speed of flow allowing for deposition to take place. Besides, as explained 
in Chapter 6, the erosive characteristics of rains after the canicula dry period was 
relatively lower (Figure 6_6). 
In any case, the production of sediment from frred plots, immediately after the rains 
had started, indicates that land degradation occurs as soon as fire had taken place as 
indicated by Leblond and Guerin (1983). 
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Figure 7.3. Relationship between soil losses and runoff in forest treatments: a) 
undisturbed natural forest, and b) fired forest. Data for the 1995 wet season and 
separated in pre· and post. canicula periods. 
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7.1 Erosivity indices and runoff 
In order to establish valid relations between runoff and erosivity indices, individual 
regressions between the runoff from forest plots and erosivity indices were prepared 
using 1995 data, separated either for the whole season (Table 7.4) or into sub-seasons 
(Table 7.5). 
Table 7.4. Regression of runoff on for forest treatments, data for the whole wet 
season, 1995. 
All season 
Treatment Index Slope Standard Intercept r' Sign.t 
coefficient error± 
FF P,mm 0.116 0.015 -0.637 0.533 *** 
FF P~,mm2h'l 0.002 0.0003 0.718 0.376 *** 
FF I,mm hi 0.022 0.028 1.752 0.011 ns 
FF I 30,mm hi 0.083 0027 0.155 0.153 ** 
FF EI30, kJrnmm4 b-l 0.064 0.012 0.822 0.326 *** 
FF K~,kJmmm.(lh.J. 0.004 0.001 1.097 0.185 ** 
NF P,mm 0.036 0.004 0.022 0.443 *** 
NF P~,mmJhl 0.001 0.0001 0.453 0.317 *** 
NF I,mm hi 0.016 0007 0.589 0.051 ns 
NF I 30,mm hi 0.029 0.007 0.148 0.176 *** 
NF EIlo, kJ mm m4 h I 0.018 0.003 0.451 0.300 *** 
NF KE25,kJmmm4 h" 0.001 00003 0.533 0.236 *** 
t n= 54 ,2~.069 at a=0 05; ~ 119 at a--o 01; ••• = slgnificative at 0 01, 
•• = signlficative at 0.05, ns = not significabve 
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Table 7.5. Models and coefficients of detennination (r2) of runoff and erosivity 
indices for plots under natural, NF, and fired forest, FF, in 1995. 
Pre-canicula 
Treatment Index Slope Standard Intercept r' Sign. * 
coefficient error± 
FF P,mm 0.036 0.007 0.532 0.624 *** 
FF PIH , mm'h" 0.0005 0.0001 0.882 0.549 *** 
FF I,mm h-t 0.019 0.008 0.795 0.285 *** 
FF 13o,mm h.J. 0.029 0.007 00424 0.553 *** 
FF EI30, kJmmm-2h"' 0.015 0003 0.880 0.530 *** 
FF K&!;,kJrnmrn4 h' 0.001 0.0003 0.814 0.568 *** 
NF P,mm 0.041 0.006 0.095 0.861 *** 
NF P~,mm2h-l 0.001 000001 0.501 0.726 *** 
NF I,mm b-t 0.016 0.008 0.642 0.304 *** 
NF 13o,mm h-l 0.028 0.007 0.197 0.558 *** 
NF EI30, kJrnmm4h'" 0.016 0003 0.638 0.702 *** 
NF KEls, kJrnrn rn4 h' 0.001 00003 0.605 0.642 *** 
Post-canicula "" 
Treatment Index Slope Standard Intercept r' Sign. * 
coefficient error± 
FF P,mm 0.133 0.018 -0.872 0.589 *** 
FF PIlO, mm'h-l 0.003 0.0004 0.382 0.587 *** 
FF I,mm h.J. 0.149 0073 1.002 0.105 ** 
FF I 3o,mm hi 0.183 0042 -1.326 0.348 *** 
FF EI3o, kJ mm m" hi 0.118 0016 0.364 0.594 *** 
FF K&!;,kJrnmrn4 h' 0.009 0.002 0.581 0.443 *** 
NF P,mm 0.028 0005 -0.041 00415 *** 
NF PI,., mm'h 1 0.001 0.0001 00423 0.260 *** 
NF I,mrn hi 0.011 0.018 0.617 0.006 ns 
NF lJo,mm h-l 0.028 0010 0.145 0.106 ** 
NF EI3o, kJmm m4 h" 0.020 0.0048 0.368 0.249 *** 
NF KE1S, kJ mm mol h I 0.001 00005 00422 0.184 *** 
* n=16; ~.219 at a;=0.05; ,z~.348 at a;=0.01; "" n=38; ,z~.097 at a;=0.05 ,z~.162 at a;=0 05; ••• 
= sigmficative at 0 01, •• = significal1ve at 0.05, ns = not slgmficant. 
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Highly significant correlations were obtained using data for the whole season with 
precipitation, P, the erosivity index, Eho and the precipitation by 30 min intensity 
index, Pho. No significant correlations were obtained when using the natural rain 
intensity, If KE25 and the maximum 30 min rain intensity, ho, returned highly 
correlated associations, but both were less good at explaining runoff. Runoff in both 
forest treatments is shown as a function of rainstorm precipitation, P, and the erosivity 
index Eho in Figures 7.4 and 7.5, respectively. In most cases, rainfall was the best 
single predictor for estimating runoff. The exception being for FP during the second 
part of the wet season for which Eho achieved a higher coefficient of determination. 
However, in the particular case of FP, higher rates of runoff might be expected (and 
hence better correlation) following the firing as a result of the reduced resistance to 
over flow (Sanchez, 1976; Diaz-Fierros et al., 1979; Wells et al., 1979; Bohling and 
Oerold, 1991; Oyarzun and Pefia, 1995) and the hydrophobic conditions given to the 
soil surface by the ashes (Morin and Benyamini, 1977; Dunn and Debano, 1977; 
McNabb and Swanson, 1990). Acknowledging that data on intensity are not readily 
available, it is useful that P is such a good predictor. 
To generate 1 mm of runoff, 14 mm of rain are needed under FP, and 27 mm under 
NF using the whole season model This implies that an excess of 13 mm is needed for 
runoff from Natural Forest to start. This is despite the fact that the Natural Forest is 
located at a steeper slope. This is interesting because, although scaling problems 
preclude simply multiplying the effects up to catchment level, it indicates (at least in 
principle) that 40 % of the rainstorms of the 1995 season could yield runoff in a 
catchment that had been largely subject to the first stages of clearance, while only 15 
% of the rainstorms would lead to significant stream discharge. This in itself has 
implications for downstream water resources and management and is entirely 
consistent with work on water-balance carried out by Elsenbeer et al. (1995) and ID the 
UK (Hall and Calder, 1993). This is that clear-felling leads to less interception and 
increases in the form of streamflow. From the point of view of hydropower generation 
this might be considered good were it not the accompanying evil of sedimentation 
(Leonard, 1987. Honduras This Week, 1993). 
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Figure 7.4. Relationship between runoff measured from the forest treatments 
and rainstorm precipitation, P, separated into pre- and post-canicula sub-
seasons, 1995. 
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7.2 Erosivity indices and soil loss 
When comparing data summarised in Table 6.3 (Chapter 6), withtlicsepresented here 
in Table 7.1, it can be seen that lower values in Eho and KE25 are accompanied by 
Iow sediment yields. For the three runoff events that add greatly to the scatter (Nos. 
26, 27 and 28), the ranking order of soil losses foIIows the ranking order of erosivity 
indices, i.e. soil losses and erosivity indices are greatest in event no. 26, foIIowed by 
event no. 27 and then by event no. 28. This is the case, even though the largest 
precipitation is associated with runoff event 27. A possible reason for the generation 
of runoff of similar magnitude, but different sediment yield, is the occurrence of 
rainfaII events immediately before. This wets the soil surface and reduces the ability 
of soil to infiltrate rain, which, in turn, increases their susceptibilIty to produce runoff 
(Morin and Benyamini, 1977; Binger et al., 1992; Fattah and Upadhyaya, 1996). 
In 1995, measured soil losses, from the fired forest treatment were highly correlated 
with aII of the erosivity indices and precipitation, either when the data were analysed 
as a whole season (Table 7.6) or when the data were analysed as pre- and post-
canicula sets (Table 7.7). Soil losses from the undisturbed natural forest treatment 
were not strongly associated with any of the erosivity indices during the pre-canicula 
period. However, during the post-canicula period, sOJllosses from the NF treatment 
were highly correlated with ho, P, and to the product Pho. Soil losses from NF and FF 
were best associated with Eho during the post-canicula period. 
When the season was analysed as a whole, similar values are obtained for the 
coefficient of determination (r = 0.509) when regressing the soil losses in FP and 
either the Eho index or the product Pho (Table 7.6). 
It can be shown that the coefficient of determination for FP is higher during the pre-
canicula period as compared with the post-canicula. But the opposite is the case for 
the NF treatment (i.e. from not being correlated during the first part of the wet season, 
significant correlations were obtained during the second part). A higher level of 
significance during the pre-canicula might reflect the relatively higher erosive 
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potential of rains for that period. Besides, there is a chance that as the season 
progresses so is the vegetative canopy in FF plots - _. ____ reducing the erosive effect 
of rainfall. At the same time, exhaustion of easily erodible soil material gives reduced 
correlation coefficients; i.e. the response to relatively similarly erosive rainstorms is 
reduced towards the end of the season in a erratic manner, which is reflected in lower 
levels of correlation. 
Table 7.6. Regression models and coefficients of correlation between soil loss 
and erosivity indices from forest treatments, data for the whole wet season in 
1995. 
Treatment Index Slope Standard Intercept r' Sign. t 
coefficient error± 
NF EI,., kJrnmm4h-l 0.00002 0.000007 0.0002 0.143 *** 
NF I,.,mm hi 0.000046 0.000012 -0.0004 0.214 *** 
NF KElS, kJ mm m4 hi 0.0013 0.0005 0.0003 0.100 ** 
NF P,mm 0.00002 0.00001 0.0002 0.068 ns 
NF PlJO, mmJh..J. 0.0000006 0.0000002 0.0002 0.140 *** 
FF E~, kJrnmm"'h-l 0.0016 0.0002 -0.0099 0.509 *** 
FF ~,mm h-t 0.0023 0.0005 -0.0327 0.305 *** 
FF KE15, kJ mm m4 h t 0.1026 0.0194 -0.0058 0.351 *** 
FF P,mm 0.0018 0.0004 -0.0218 0.317 *** 
FF P~,mm2h.J. 0.000046 0.0000062 -0.0122 0.509 *** 
t n= 54 ?~.069 at =0.05; ?~.1l9 at a=0.01; .*. = sigmficanve at 0 01, •• = sigmficative at 0.05, 
os = not sigmficanve 
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Table 7.7. Regression models and coefficients of determination (r2) of soil losses 
and erosivity indices for plots under natural, NF, and fired forest, FF. Data for 
1995, separated into sub-seasons. 
Pre-canicula period :j: 
Treatment Index Slope Standard Intercept r' Sign. t 
coefficient error± 
NF El kJmmm4h4 lO' 0.0000202 0.000017 0.0008 0.091 ns 
NF ~,mm h.J. 0.0001 0.000031 -0.0003 0.166 ns 
NF KE15,kJmmm4h-l 0.0011 0.0013 0.0008 0.052 ns 
NF P,mm 
" 
0.0001 0.00004 0.0002 0.119 ns 
NF P~, mm'h4 0.0000007 0.0000005 0.00007 0.108 ns 
FF E~, kJrnmm4h4 0.001 0.001 -0.0048 0.873 *** 
FF I 3CI, mm h" 0.0016 0.0003 -0.0267 0.608 *** 
FF KE15, kJmm m..2b4 0.073 0.0077 -0.0084 0.865 *** 
FF P,mm 0.002 0.0003 -0.0221 0.708 *** 
FF p~, mm'h" 0.00003 0.00000 -0.0063 0.857 *** 
Post-canicula period '" 
Treatment Index Slope Standard Intercept r' Sign. t 
coefficient error± 
NF E~, kJmmm4h.J. 0.000016 0.0000032 0.0001 00407 *** 
NF I 30,mm hi 0.000029 0.000007 -0.0002 0.311 ** 
NF KEu:, kJrnmm4 b4 0.001 0.0003 0.0002 0.202 ns 
NF P,mm 0.00001 0.000004 -0.000016 0.264 ** 
NF PI3G, mm'b4 0.0000004 0.00000009 0.0001 0.389 *** 
FF ElJO, kJmmm4h4 0.0022 0.0003 -0.0168 0.558 *** 
FF ~,mm hi 0.0036 0.0008 -0.0525 0.364 *** 
FF KE25, kJmmm4 b 1 0.1587 0.034 -0.0115 0.376 *** 
FF P,mm 0.0017 0.0005 -0.0228 0.272 ** 
FF PI)O, mm'h4 0.0001 0.000009 -0.0171 0.516 *** 
* n=16; r~.219 at a=0.05; r~ 348 at a=0.01; ... 0=38; ~.097 at a=O 05; ~.162 at a=O 01; 
••• = significatlve at 0.01, •• = slgnificatlve at 0 OS, os = not signlfic.mt 
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It is possible that the poor correlation between soil losses , did not remain constant (under 
indices is due to the low response to relatively highly erosive events (Figure 7.6). 
These runoff events are number 8 (with P = 62 mm), and 11 (with P = 42 mm). In 
these two events, sediment yield was practically non existent. This might have been a 
result of the high level of protection given by the amount of litter laying immediately 
above the soil surface. The litter eliminates the raindrop-splash and reduces the speed 
and volume of overland flow, hence reducing the detachment of soil particles (Imeson 
et al., 1992). 
For FF, the data for the second part of the wet seasonai'e heavily skewed and the 
scatter is dominated by two erosive cases (runoff event numbers 26 and 27) which 
control the apparent degree of correlation (Figure 7.7). These two high rates of soil 
loss were associated with runoff amounts of about 13 mm (Figure 7.3). The total 
kinetic energy of these two events ranged between 88 and 94 kJ mm m'z h" and was 
) 
among the highest computed for 1995. 
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7.3 Runoff from NF vs. Runoff from FF 
In order to establish a comparison, as well as the degree of covariation, between 
runoff from forest treatments, the runoff from the Fired forest was plotted against the 
runoff from the Natural forest event by event in 1995 (Figure 7.8). The data for the 1 SI 
part of the season show a scatter which, is highly correlated (Table 7.8). Similarly, the 
data for the second part of the season showed high correlation, but the slope of the 
regression equation reflects an increase in response from the Fired forest as the season 
progressed. Unit change in runoff from NF is matched by 89 % before the canicula 
but this changes and runoff from FF increases to 258 % for every unit rise in runoff 
from NF after the canicula. This can be explained by relatively slow changes in the 
vegetation that took place in the Fired treatment from the middle of the season and the 
relatively high rate of change in the Natural forest (i.e. increased recovery of ferns, 
grasses and broad-leaved understorey plants). 
Table 7.8. Covariation of runoff in Natural Forest and Fired forest by sub-
season. 1995. 
Runoff by sub-season :j:, NFt,mm Intercept r' 
mm 
RnCFF-1" 0.8998 0.4334 0.737 
RnCFF-2"" 2.5850 0.3035 0.653 
RnCFF-AlI season 2.2701 0.0464 0.755 
t runoff from Natural forest per sub-season; * I" sub-season = 1 June to 16 July; 2nd sub-season=l 
Augustto 31 October. 
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Figure 7.S. Plot of runoff from the Natural forest plots and the Fired forest plots 
in 1995. Rain season divided in two parts. 
A possible reason for a relative low level of covariation (a global 76% according to 
the r coefficient) is the fact that the vegetation on the fired forest treatment tended to 
recover through time and a better level of protection was restored. Another possibility 
lies in the fact that annual plants in the Natural forest grow increase the understorey 
canopy density as the rain season progresses thus reducing the production of runoff 
even further. 
The slope on the equation for season as a whole suggests that runoff from the Fired 
forest is more than double that from the Natural Forest which is in agreement with 
both the cumulative runoff data directly measured, and with the information available 
from runoff plots elsewhere in Honduras (Hudson et al., 1983). 
KineIl (1997) has suggested to use the runoff ratio (or runoff coefficient) Rc in 
addition to the total kinetic energy factor (Eho) as a modification to the Universal Soil 
Loss equation, R. He based his suggestion on the need to consider the runoff as an 
active agent on the erosional process. 
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The runoff coefficient (Rc), the ratio between the rainfall and its corresponding runoff 
event by event, was calculated and the results are summarised in Table 7.9. In general, 
the Fired Forest had, in 1994 and 1995 similar runoff coefficients, 7.7 and 8.1%. 
However, the value for the Natural Forest was higher in 1994, 6.12%, than that of 
1995, 3.7 %. Data of 1994 showed that the response to runoff for FF and NF was not 
dISsimilar. The reason for such a similarity is that data relate mainly to the second part 
of the wet season (September to October 1994), when the frred forest appeared to 
have recover some of the ferns and grasses. 
Table 7.9. Global Rc from Fired and Natural forest 1994 and 1995. 
Parameter 
Mean t 
Standard Error 
Median 
Minimum 
Maximum 
Parameter 
Mean * 
Standard Error 
Median 
Minimum 
Maximum 
Runoff coefficient (%) in 1994 
Fired Forest Natural Forest 
7.74 6.12 
± 1.02 ±0.77 
7.87 7.74 
1.72 1.46 
14.76 10.33 
Runoff coefficient (%) in 1995 
Fired Forest Natural Forest 
8.10 3.68 
±0.62 ±O.28 
7.35 3.22 
0.00 0.00 
23.78 9.82 
t mean of two rephcates; n=30; :j: mean of two rephcates n= 108. 
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Figure 7.9. Total daily rainfall and runoff coefficients in Forest treatments in 
1994. 
In 1995, the runoff coefficient varied with time during the rain season and was not 
always directly related to the size of the rain-storm (Figure 7.10). For both Forest 
treatments, Rc increased as rains fell with increasingly short intervals separating them 
two marked peak occurred during the middle and end of August, which coincided 
with high precipItation being delivered on an almost daily basis. These two high peaks 
were associated with higher rates in both runoff and soil losses from the FP treatment. 
Towards the end of the season, comparatively sImilar sized storms did not cause the 
same response on the Fired forest, as the vegetation had thoroughly recovered. But at 
all times, the rate of runoff from the fired forest remained higher than the natural 
forest. The runoff coefficients obtained in this study are similar to results presented by 
Hudson et al. (1983a) from their study carried out on a hillside located near 
Siguatepeque, Honduras. 
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RUNOFF AND SOIL Loss FROM NATURAL AND FIRED FOREST 7.220 
7.4 Discussion 
From data gathered in this study, it is clear that under natural forest the amount of 
runoff and total sediments are significantly smaller than that of fIred forest (in 
particular during the 1995 wet season). The reason for a reduced production of runoff 
and sediments from undisturbed conditions, is largely attributable to the protective 
effect of the vegetative canopy, and the layer of litter located immediately above the 
soil surface (Oyarzun and Pefia, 1995). Production of sediments since the beginning 
of the rain season implies that land degradation starts to occur from the fIred forest at 
early stages ofland clearance (c.f. Leblond and Guerin, 1983). 
The vegetative canopy (tall tree branches and leaves) helps reduce the direct 
throughfall of rain reaching the ground by intercepting the raindrops. The forest 
canopy plays an important role in intercepting an important proportion of water, 
which might evaporate directly from the leaves or slowly flow downwards as 
stemflow or leaf-drip (Hall and Calder, 1993; Putuhena and Cordery, 1996), although 
a high risk of increased erosivity exists from raindrops faIling from leaves (Morgan, 
1983; Noble and Morgan, 1983; Mbegera, 1985; Morgan, 1985; Njoku, 1985). 
The litter provides, among other benefIts, higher opportunity for infIltration to take 
place, as well as high resistance to overland flow (Sahin and Hall, 1996). Under 
natural conditions, the soil surface offers greater resistance to overland flow due to the 
high quantity of plant stems, and the large amount of litter or decaying organic matter 
and humus (Posey, 1989). Larger time of contact between the rain water and the soil 
surface, as achieved with superfIcial litter, might lead to a relative Iow production of 
runoff (WiIkinson, 1975). In plots under natural forest in this study litter typically 
consisted of pine needles, and different amounts of fallen leaves or branches from 
other plants. The signifIcantly smaller amounts of soil losses measured in 1995 from 
natural forest might be explained by the amount of superfIcial litter. 
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The existence of litter not only affects the soil surface roughness and reduces the 
speed of overland flow, but also reduces the erosive impact of rain- or leaf-drip, and 
hence practically eliminates the compaction and detachment effect (Morgan, 1983). 
Thus when the litter and other vegetation are removed by means of fire, the 
hydrophobic status on the soil surface which has been acquired accounts for further 
reduction of infiltration, increased runoff and soil detachment (Hudson et al., 1983a; 
McNabb and Swanson, 1990). 
The direct effect of fire on forest is the destruction of litter and other vegetative 
material, with production of ashes and a subsequent hydrophobicity, and destruction 
of the soil structure at the soil surface (Bohling and Oerold, 1991; Giovannini and 
Lucchesi, 1991). The description of hydrophobic characteristics on a forest soil 
following a fire, are summarised as the inability to the soil to absorb water (Imeson et 
al., 1992). The hydrophobic condition is derIved drrectly from the chemical 
characteristics ofthe ashes, which might block superficial micro- and micro-pores and 
transfer their repellent properties to the soil surface as a whole. The resistance to 
infiltration depends upon the quantity and degree of interaction between the soil 
particles and the ashes (Bohling and Oerold, 1991). 
Under the fICed conditions in this study, the fire destroyed all the surface litter 
together with a large proportion of the canopy. The amount of such destruction was 
estimated (by observation and comparison between the natural and fired areas) at 
about 30 to 40 % of the canopy of pine trees, and nearly lOO % of small shrubs, ferns, 
broad-leaved plants and grasses growing close to the ground. Loss of vegetative 
canopy allowed for greater amounts of rainfall to reach the ground surface. 
The raindrops might have, in turn, a significant role in increasing the status of 
compaction directly at the soil surface (AI-Durrah and Bradford, 1982a). This added 
compaction together with the hydrophobic conditions delivered after fire, acted to 
exacerbate the production of runoff (Le. sealing the soil surface and reducing the 
opportunity for water intake to occur). 
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However, the rate of runoff and soil losses did not remain constiiii (imder.' ' __ 
comparatively similar rainstorms), even reducing as the season progressed. This 
indicated the degree of recovery of vegetation on the frred area andlor changes on the 
hydrophobic conditions as runoff washed the ashes away restoring the infiltration 
capacity of the soil This situation has been acknowledged to occur by several authors 
(Hudson, 1983a; McNabb and Swanson, 1990; Imeson et aI., 1992; CerdA et al., 1995; 
Garcia-Oliva et aI., 1995). Furthermore, the lower rates of sediment yield from fired 
forest (as compared with the agricultural area) can be attributed to: a) the absence of 
tillage at such an early stage of land clearance (Revel and Guiresse, 1995a&b; Govers 
et al., 1996); andlor b) the possible increase in aggregate stability conferred by 
hydrophobic substances (Teman et al., 1996). 
A further complication for hillside fired areas is that the potential productivity of soils 
starts to deteriorate once runoff takes place and nutrients are washed away, adsorbed 
to clay andlor organic matter within intact soil peds (Hudson et aI., 1983b; Alberts 
and Moldenhauer, 1981; Hallsworth 1987; Cervantes and Vahrsonl992; Olson et al., 
1994a; ZObisch et aI., 1995). This process is exacerbated once the land is totally 
cleared and tillage takes place (Grainger, 1992; Auzet et al., 1995). At this stage, 
accelerated rates of soil erosion would occur where agriculture is practised without 
conservation measures (La!, 1983; Humi, 1988; Bulte et al., 1995; El-Swaify, 1997). 
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8. RUNOFF AND SOIL LOSSES FROM MAIZE AS A SINGLE CROP 
There was strong evidence that changing the land use from forest to agriculture 
caused high rates of runoff and sediment yield. Runoff from agriculture treatments 
without protection (maize planted as a single crop) was up to 10 times higher than that 
measured from the undisturbed natural forest plots with similar slope and the same 
rainfall. Furthermore. soil losses were more than 1000 times higher under agriculture 
as compared with the otherwise normal sediment yield measured from undisturbed 
forest. 
A clear effect of ground slope on both the production of runoff and the yield of 
sediments was observed from maize planted as a single crop (MA) established on 6 
deg. 11 deg and 18 deg slopes. Total measured amounts of soil loss and runoff 
measured from the MAI8 plot during both 1994 and 1995 were 2 to 3 times higher 
than those values obtained for MA6 or MAIL The total runoff from MAll was 33% 
and 18% higher than that ofMA6 for 1994 and 1995. respectively. 
The following sections present and discuss the results obtained from plots treated with 
maize as a single crop. Data on runoff and sediment yield for each of the erosive 
storms are given in Tables 8.1 and 8.2 for 1994 and for 1995. respectively. A 
summary of the information corresponding to the maize alone treatments is presented 
in Table 8.3 below. This includes information from both the 1994 and 1995 seasons. 
8.1 Runoff from maize as a single crop 
Total runoff measured from the MAl8 plot was consistently higher than the volume 
measured from the MA6 or MAlI plots in each measured runoff event in both years. 
Furthermore. results of statistical analyses demonstrate that the mean runoff from the 
plot planted with maize on the steepest slope (MAIS) was higher than the other two 
plots. Comparison between the mean runoff values from the plots on intermediate 
RUNOFF AND SOIL Loss FROM MA TREATMENTS 8.224 
(MAll) and low slope (MA6) were not statistically significantly different in either 
year. In the two years covered by this research, the mean runoff from MAl8 was more 
than double the corresponding mean value from any of the other treatments including 
the forest. Statistical analyses consisted of a paired t-test for each year set of data and 
a single Analysis of Variance (with slope as source of variation). Results are 
presented in the Appendix. In each year, the Analysis of Variance showed statistically 
significant differences for MA18 against the other slope gradients at the 99% 
probability level, but no differences between MA6 and MAll (Table 8.3). 
Table 8.1. Runoff and soil losses measured from plots planted with maize as a 
single crop during the wet season of 1994. 
Runoff Soillos<es 
Runoff event MA6 MAll MAI8 MA6 MAll MAI8 
mm mm mm km" km" km" 
1 0.19 0.41 0.54 0.0006 0.0056 00049 
2 0.94 1.50 1.86 00009 00015 00132 
3 0.36 0.90 1.06 0.0014 0.0042 00049 
4 1.03 4.71 8.64 00064 0.0234 0.1862 
5 0.15 0.30 043 00003 00003 0.0011 
6 0.08 017 0.51 0.0000 0.0003 0.0001 
7 2.09 1.46 8.01 0.0098 0.0020 0.0684 
8 5 81 6.18 14.28 00228 00197 0.1151 
9 1.04 4.71 8.64 0.0005 00021 00152 
10 0.79 1.03 3.88 0.0003 00002 0.0037 
11 091 0.91 3.83 0.0005 00005 00077 
12 1.64 1.82 7.29 0.0009 0.0010 0.0146 
13 3.12 3.46 13.52 0.0035 00041 00565 
14 3.19 3.46 9.47 0.0039 00060 0.1130 
15 10.75 10.75 15.85 0.0251 0.0340 0.2627 
Total 32.08 42.77 97.81 0.0769 0.1050 0.8673 
Mean 2.14 2.78 6.52 00051 0.0070 0.0578 
S.E. (±) 0.73 0.73 1.38 0.0021 00026 0.0205 
MedIan 1.03 1.82 7.29 0000') 0.0021 0.0146 
MmmlUffi 0.08 0.30 0.17 0.0000 0.0002 0.0001 
Maxunum 10.75 10.75 1585 0.0251 00340 02627 
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Table 8.2. Runoff and soil losses measured from plots planted with maize as a 
single crop during the wet season of 1995. 
Runotl mm Soil losses, k2 m'· 
Runoff MA6 MAlt MAtS MA6 MAll MAtS 
1 045 136 316 000053 000435 001531 
2 016 061 072 000215 001029 000637 
3 033 050 057 000147 000238 001369 
4 047 086 159 000871 001295 004408 
5 097 116 360 000669 001109 008042 
6 644 149 1992 022075 060054 664769 
7 465 440 1093 004153 006803 011991 
8 324 973 1751 120121 35712S 685433 
9 043 067 125 000263 000291 001516 
10 143 149 241 003383 004793 013889 
11 1229 1286 2080 065230 197363 456918 
12 352 400 4.79 016163 014028 109168 
13 1.53 191 263 008953 017152 041506 
14 121 136 270 006595 004892 028824 
15 393 174 793 047552 069037 087143 
16 064 046 117 006847 002930 003345 
17 171 2.57 429 002294 000832 042254 
18 071 074 2.70 001560 001965 029610 
19 071 083 361 000996 001192 038297 
20 053 036 279 002987 000636 006318 
21 189 300 941 020805 016302 203395 
11 185 336 743 004546 004010 195168 
23 257 257 964 026409 006947 215629 
24 414 486 1071 003144 009759 120089 
25 900 936 2203 011587 005246 637939 
26 16.50 1664 4003 042115 1 35858 214416 
27 1186 1458 3420 131867 15562S 233807 
28 17.21 1870 4063 029186 011674 042806 
29 2S7 214 457 010415 009017 025450 
30 1043 1607 1957 001500 011571 040714 
31 006 009 037 000000 000000 000000 
32 437 521 1303 019765 005430 084038 
33 602 376 1050 003905 001468 014268 
34 143 086 380 002634 000732 001311 
35 1007 871 1421 000619 001367 225758 
36 018 029 107 000000 000000 000000 
37 107 121 257 000000 000000 002143 
38 050 050 179 000000 000000 002143 
39 682 686 961 000168 002302 026485 
40 214 214 279 001659 001394 006088 
41 043 046 136 000000 000645 003643 
42 293 343 964 003106 005727 091762 
43 243 329 543 011475 003607 027521 
44 532 657 1279 001711 014272 088949 
45 257 282 541 001193 002013 013604 
46 136 264 447 001988 000618 O()l896 
47 292 457 1154 001608 006398 069421 
48 279 493 678 004727 011874 021526 
49 1672 1736 2726 001047 002806 219067 
SO 557 523 949 000016 001179 018679 
SI 016 068 171 000000 000000 000000 
52 374 407 965 000005 000055 019679 
53 000 000 200 000000 000000 000000 
54 026 086 321 000000 000000 000000 
Tntal 203.23 239.13 483.76 6483 11.711 51074 
Mea. 376 443 896 01201 02169 09458 
SE (±) 060 066 130 00355 00823 02248 
Median 227 273 510 00214 00255 02597 
MInimum 0.00 0.00 0.31 0.0000 0.0000 0.0000 
MaXimum 1721 1736 4063 13187 35713 68543 
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Table 8.3. Summary for runoff measured from the plots planted with maize as a 
single crop in 1994 (Pt=294 mm) and 1995 (Pt=1292mm). 
Runoff, mm, 1994 
Parameter MA6 MAll MA18 
Mean:j: 2.14 (±O.73) b 2.78 (±O.73) b 6.52 (±l.39) a 
Total 32.08 41.77 97.81 
Runoff, mm, 1995 
Parameter MA6 MAll MA18 
Mean:j: 3.76 (±O.60) b 4.43 (±O.66) b 8.96 (±1.30) a 
Total 203.23 239.13 483.76 
t total erosive precipitation from which runoff volumes were measured m each corresponding year; 
:j: treattnents mean dIfferences compared by row; similar letters are not significantly different at 95% 
probability by Fisher LSD test and Scheffe F test; standard erroc in brackets. 
It has been shown that MA treatments responded differently to rainfall classified 
either by rainstorm amount or rainfall pattern (Chapter 6). Because the project relies 
upon natural rainfall and this varies from storm to storm and from year to year, it is 
necessary to use a factor that descnbes the relative response of the plot treatments to 
rainfall. The ratio of runoff and rainfall, or runoff coefficient, is considered to be a 
relatively stable way of establishing comparison of runoff response between years and 
between rainstorms. It has been used to describe the relative vulnerability of 
agricultural crops to the effect of rainstorms (Nill, 1993). In addition, the runoff 
coefficient can be regarded as a valid modifier of the erosivity index, R, in the 
Universal Soil Loss Equation (USLE), accounting for the hydrological effect of runoff 
(KitteIJ, 1996-1997). Thus, runoff coefficients, Rc, were computed for 1994 and 1995 
data. A summary of Rc values for MA6, MAll and MAl8 is presented in Table 8.4. 
Although the number of runoff events was smaller in 1994 than in 1995, the average 
mean Rc in both years lay within the standard error range of corresponding pairs of 
means (i.e. the runoff coefficient in MA18 for 1994 compares with the runoff 
coefficient of MA18 for 1995). Even so, the three treatments show an upward shift 
between 1994 and 1995 which could be related to a) the fact that rainfall was greater 
in 1995 and had a more rapid effect on superficial roughness through the quicker 
break-down of clods, and b) the differences in plot tillage preparation form year 1 to 
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year 2. In general terms, plot MA6 had low~r Rc than the other two plots, but it was 
not significantly different from MAIL In both years, MA18 produced a higher, 
significantly different, mean Rc that was 2 to 3 times greater. Also, the different 
relationship between the mean and the median values suggest differences in the 
shapes of the distributions in 1994 and 1995. 
Table 8.4. Summary of runoff coefficient values from plots planted with maize as 
a single crop in 1994 and 1995. 
1994 RcMA6 RcMAIl RcMA18 
Meant 9.6 13.1 33.4 
Standard Error ±2.0 ±2.2 ±6.0 
Median 5.6 14.0 35.0 
Minimum 0.3 0.6 1.81 
Maximum 27.5 27.5 75.2 
1995 RcMA6 RcMAIl RcMA18 
Mean * 14.40 17.05 35.05 
Standard Error ±1.54 ±1.68 ±2.48 
Median 11.02 14.67 31.92 
Minimum 0.00 0.00 4.82 
Maximum 43.58 64.59 78.29 
t n = 15; * n = 54 
Temporal variability in runoff coefficients was observed in 1994 (Figure 8.1) and 
1995 (Figure 8.2). The changes are due not only to changes in the intrinsic 
, 
characteristics of the rainfall (which gives the "noise'') but also to an increase in soil 
protection given by the growth of the crop and weeds, as well as to changes in the soil 
surface roughness (Elwell, 1984). Increasing the surface roughness, as the season 
progresses, by means of incorporating surface cover (as from fallen leaves or increase 
cropping) help reduce the hydraulic characteristics of the soil surface and hence 
reduce overland flow (OilIey and Kottwitz, 1995; Kiepe, 1995). This effect was more 
evident on less steep plots (i.e. MA6 and MAll). 
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Figure 8.1. Runoff coefficient in treatments of maize as a single crop, and erosive 
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In addition, as the season progressed, changes in soil physical characteristics almost 
certainly led to a higher rate of infiltration, as a result of root activity extension by 
both the main crop and weeds and other biotic activity (Kim and Chung, 1994; Fattah 
and Upadhyaya, 1996). Furthermore, the superficial crust that had developed at the 
start of the cropping season (as an effect of raindrops striking the soil surface) was 
disrupted by hand weeding (carried out around one month after planting date) and 
biotic activity, increasing water intake. This was observed from the middle of the 
season onwards when, under comparatively similar storms, Rc was lower for MA6 
and MAll. 
8.1.1 Slope Angle and Runoff from Unprotected Plots 
Highly significant linear relations were obtained after plotting runoff from MA6 and 
MAll against runoff from MA18, for both 1994 and 1995 (Table 8.5). The 
correlation coefficients are highly significant in both years (Figures 8.3 and 8.4). The 
equations, although varying slightly between years, yield similar predicted values. 
The slopes of the equations indicate that, for any erosive storm, the runoff from 
MA18 is at least twice that from either of MA6 or MAll, confirming the pattern 
already adduced from the analysis of Rc. 
The scatter between runoff from MA18 and MA6 in 1994 (Figure 8.3a) shows that 
only a few points at the lower end of the range are similar in magnitude between 
treatments, and no point crosses above the 1:1 relationship. Similarly, for the scatter 
between MA18 and MAll, only a few points from runoff events measured early in 
1994 season, lie very close to the 1:1 line. It is interesting to point out that the highest 
runoff values (runoff event 15) in each scatter appear to lie apart from what could be 
considered a general trend. A possible reason for this is that runoff event 15 resulted 
from the second most important rainstorm (39.2 mm, and an erosivity energy of 
E130=23.9 kJ mm m-2 h-l). Besides this, the storm occurred immediately after 
another that delivered 18.8 mm (10.6 kJ mm m-2 h-l). The soil was extremely wet at 
the time the storm started and was incapable of absorbing much of the rain. Nearly 
50% ran off from MA18 and around 35% from MAll and MA6. 
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Also, for 1995 (Figure 8.3b) there are similar patterns for the scatter in MA18 vs. 
MAll and MA6 but none of the points cross the 1: 1 line. In all cases the correlation 
coefficient indIcates highly statistically significant associations between runoff from 
either MAll or MA6 and MA18. The values on the left-most column of Table 8.5 
describe what the runoff in MAll or MA6 would be if there were 10 mm of runoff 
from MA18. Results from two years indicate that runoff from MA6 and MAll would 
be 40 % and 50 %, respectively, that from MA18. 
Table 8.5. Linear regression model for runoff on MA6 and MAll as predicted by 
the runoff from MAI8. 
Treatment Slope of Intercept rt Runoff,mm:j: 
line 
(RnfMAI8=10mm) 
1994 
MM 0.432 -0.647 0.817 *** 3.67 
MAll 0.449 -0.054 0.847 *** 4.94 
1995 
MA6 0.435 -0.133 0.937 *** 4.22 
MAll 0.481 -0.111 0.943 *** 4.69 
t correlation coeffiCient and significance; for 1994 n=15 (r ~ 0623 at p=O.OI) ; for 1995 n=54 (r ~ 
0.343 at p=0 01); *** highly significant at the 99% level.; * computed runoff when the runoff from 
MA18 is 10mm 
----------------------------------------------
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After plottmg the mean seasonal runoff coefficient from both years against the slope 
angle of the field (Figure 8 5) a positive and highly correlated relation was obtained 
This indicates that the percentage of runoff increases exponentially as the field slope 
increases· 
Equation 8.15. 
with r = 0 957 *** 
where Rc_MA, %, is the predicted runoff coefficient from land cultivated with maize 
as a single crop, and S (deg) is the ground slope angle However, a limit on runoff 
percentage has to exist at an inclmation beyond the steepest slope evaluated in this 
study and at which Rc becomes asymptotic This might imply a polynomial equation 
were data added for steeper slopes An important finding is that Rc is remarkably 
similar for 1994 and 1995 despite differences in land preparation This is very 
encouraging in working towards predicting the impact of deforestatIon and 
substituting monocuIture peasant agncuIture 
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Figure S.5. Effect of the slope land on the runoff coefficient from treatments of 
maize as a single crop, data for 1994 and 1995. 
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The cumulative runoff of the 1995 rain season is shown in Figure 8.6. It is possible to 
observe that significant increments were registered at the times when precipitation fell 
at relatively short intervals. although plots on 6 and 11 deg slopes did not show 
increments as sharp as those from the 18 deg slope. 
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Figure 8.6. Cumulative rainfall and runoff from the plots planted with maize as 
single crop in 1995. 
It is possible to observe that runoff from the different treatments resembles the pattern 
of rainfall; any differences are a function of the ground slope. the amount of rain per 
storm. and the interval between storms. The concentration of rainstorms in a short 
interval of time leads to a dramatic increase in runoff coefficient. This can be seen in 
Figure 8.6 for the three periods: 16 to 33 OAP. 80 to 100 OAP. and 140 to 150 OAP. 
The effect is particularly important for MA. In particular. it is noticeable that. at 
around 80 days after the planting date (OAP). nearly 40% of the total runoff was 
registered during an interval of 30 days. involving 8 runoff events (23 to 30) at the 
end of August and beginning of September. 
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As explained in Chapter 6, rainfall in 1995 was unusually high during August, 
particularly towards the end of this month. Rainfall during this period fell on an 
almost daily basis and infiltration capacity was much reduced by the high antecedent 
soil moisture content. 
8.1.2 Erosivity indices and Runoff from MA 
In order to assess the variability in runoff response to rainfall-derived erosivity, 
empirical associations were computed for the 1995 rain season. The data were 
analysed as a whole set for the complete season and as two sub-seasons. This was 
decided after finding that the wet season showed a bimodal pattern of rainfaIls 
(Chapter 6). The 1 SI sub-season runs from planting date until the beginning of the 
Canicula dry spell (Le. 1 June to 16 July), and the 2nd sub-season covers the whole 
period between 1 August and 31 October. 
Individual regressions between the runoff from the agricultural plots planted with 
maize as a single crop and erosivity indices for each event registered in 1995 were 
computed. The runoff is explained as a function of rainstorm precipitation, p, 
intensities I and ho, and erosivity indices, EI3o. KEz5 and Pho. These indices have 
been described in Chapter 2. It was decided to obtain the value of the intercept from 
simple regression in order to establish minimum values of rainfall parameters required 
to produce runoff. When analysing the resulting regression models from data that 
included the whole season (Table 8.6), it was observed that the most important single 
predictor is the precipitation, P, while the least significant is the rainfall intensity 
calculated on an hourly basis, I. There was consistency in that all three MA treatments 
in that, when ranked in order of importance (as given by the coefficient of correlation, 
r), the independent factors fit into the following ranking order: P>Pho>EI30>KEz5 
>ho>1. 
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Table 8.6. Simple linear models and correlation coefficients (r) oC runoff and 
erosivity indices for plots planted with maize as a single crop in 1995. All season 
All season 
Plot Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 P,mm 0.155 0.024 0.059 0.667 *** 
MA6 PI,., mm'h 1 0.003 0.001 1.778 0.586 *** 
MA6 I,mmh ' 0.080 0.040 2.669 0.263 ns 
MA6 130,mmh ' 0.159 0.037 0.130 0.510 *** 
MA6 EI30, kJmmm4h4 0.091 0.019 2.006 0.559 *** 
MA6 KE2s, kJmm m""h'" 0.007 0.002 2.111 0.513 *** 
MAIl P,mm 0.191 0.023 -0.149 0.750 *** 
MAIl PI
30
, mmih-t 0.004 0.001 1.806 0.704 *** 
MAll I,rnm h-t 0.114 0.043 2.861 0.344 ** 
MAll 130, mm hi 0.208 0.038 -0.325 0.608 *** 
MAll EI3Q, klrnm m"" hi 0.122 0.081 2.074 0.682 *** 
MAll K~,kJmmm4h' 0.009 0.001 2.135 0.648 *** 
MA18 P,mm 0.389 0.043 -0.361 0.778 *** 
MA18 PI30, mm'h'" 0.007 0.001 3.760 0.710 *** 
MA18 I,mmhoJ 0.192 0.086 6.315 0.295 ** 
MA18 I3o,mmh' 0.389 0.076 0.045 0.581 *** 
MA18 EI3o, kJmmm-lb ' 0.240 0.035 4.313 0.685 *** 
MA18 K~s,kJmmm-lh.J. 0.017 0.003 4.774 0.602 *** 
t Statistical sigmficance: for n=54 (r 2: 0.266 at p=0 05 and r 2: 0 348 at p=0 001); .** sigmficant at 
p=O 001; •• sIgnificant at p=0.05; ns = not signIficant 
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However this was not the case when the data were divided into pre- and post-canicula 
periods. ho was the factor most important in predicting runoff from all three MA plots 
during the pre-canicula (Table 8.7). Furthermore. for this part of the wet season. all 
factors were highly correlated with runoff (99% probability level). In general. the 
coefficient of correlation explained between 60 to 89% of the runoff variance. It was 
also observed that the higher the slope the higher the r values of the relations 
involving the erosivity indices. The indices that incorporate ho. i.e. Pl30 and Eho. were 
ranked second or third in importance. The minimum amount of rain to cause runoff 
was calculated at 2 mm in MAll and 3.7 mm in MA18. The minimum value of ho to 
cause runoff was between 9 and 10 mm h·1• 
It can be argued that. during the first part of the wet season. the soil surface was able 
to absorb or accommodate the volume of rain and thus intensity was able to control 
the amount of runoff being produced. This is a function of the initially high surface 
roughness produced by hand-hoe tillage and planting along the contour. However this 
roughness deteriorates as the season progresses as a result of raindrop impact (causing 
sealing and crusting through break-down of aggregates) which leads to reduced 
hydraulic resistance. (Emmet. 1972; Abrahams and Parson. 1994). Thus. the 
relationship between runoff and the rainfall changes as the post-canicula sub-season is 
approached. 
In the post-canicula sub-season. the relative importance of rainfall intensity 
diminishes and the total amount of rain becomes more important in defining runoff for 
all three MA plots (Table 8.8). During this part of the wet season. the second most 
important index is the maximum 30 min intensity or the kinetic energy of the rain. 
This reflects the increase in soil protection through time. This means that similar 
storms (in terms of precipitation and intensity characteristics) had a reduced erosive 
effect towards the end of the season as added biomass (from the crop and weeds) 
covered the soil (c.f. Evans. 1980; Meyer. and Harmon. 1992; Presbitero et al.. 1995). 
The slope of the regression models predicting runoff in MA treatments tends to 
increase with slope angle in both same sub-seasons (Figures 8.7 to 8.9). However the 
difference is decreased in the second season reflecting the decrease in the importance 
of surface roughness. 
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Table 8.7. Simple linear models and coefficients oC correlation (r) of runoff and 
erosivity indices Cor plots planted with maize as a single crop in 1995. 
Pre·canicula 
Plot Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 P,mm 0.121 0.042 0.093 0.607 *** 
MA6 PI mm'h< 0.002 0.001 1.076 0.655 *** ,., 
MA6 I,rnmh 1 0.105 0.029 0.062 0.702 *** 
MA6 hotmmh"' 0.131 0.029 -1.196 0.765 *** 
MA6 EI3o, kJ mm m 4 h-l 0.058 0.018 1.187 0.652 *** 
MA6 KEzs,Jmmm4h' 0.004 0.001 1.007 0.646 *** 
MAll P,mm 0.191 0.040 -0.415 0.785 *** 
MAll PI mm'h'" 0.003 0.0004 1.128 0.850 *** 
,.' 
MAll I,rnmh l 0.154 0.026 -0.184 0.845 *** 
MAll 130, mm hi 0.184 0.026 -1.808 0.885 *** 
MAll EI30, kJrnmm4 h l 0.092 0.0152 1.289 0.849 *** 
MAll K~5,Jmmm4h· 0.007 0.001 0.923 0.869 *** 
MA18 P,mm 0.374 0.063 -1.395 0.844 *** 
MA18 PI30, mm2 h'" 0.006 0.001 1.711 0.898 *** 
MA18 I,mmh-t 0.256 0.056 0.166 0.771 *** 
MA18 lJo,mmb ' 0.348 0.039 -3.781 0.921 *** 
MA18 EI3o, kJrnmm"'b
' 
0.176 0.024 2.054 0.892 *** 
MA18 KEzs,Jmmm4h' 0.013 0.002 1.556 0.875 *** 
t n=16; r~ 482 at 0;=0.05; r;" 0.606 at 0;=0.01; ••• = sIgnificant at 0.01, •• = significant at 0.05, ns = 
not signIficant 
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Table 8.8. Simple linear models and coefficients of correlation (r) of runoff and 
erosivity indices for plots planted with maize as a single crop in 1995. Post-
canicula 
Post-canicula 
Treatment Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 P,mm 0.160 0.029 0.207 0.675 *** 
MA6 P~,mmJhl 0.004 0.001 1.858 0.633 *** 
MA6 0.222 0.100 2.177 0.348 ** I,mmh" 
MA6 0.255 0.057 -0.911 0.595 *** 130,mmh 1 
MA6 EI3o, kJmmm4h' 0.132 0.027 1.971 0.634 *** 
MA6 KEzs,Jmmm4h' 0.012 0.002 1.818 0.656 *** 
MAll P,mm 0.190 0.029 -0.002 0.738 *** 
MAll PIlO, mm'.'" 0.004 0.001 1.908 0.705 *** 
MAll I,mmh-l 0.221 0.110 2.739 0.318 ns 
MAll I30,mmh-l 0.300 0.059 -1.282 0.645 *** 
MAll E~, kJmmm-2h
' 
0.160 0.027 2.056 0.702 *** 
MAll KEzs,Jmmm4h' 0.015 0.002 1.892 0.722 *** 
MA18 P,mm 0.387 0.055 0.276 0.763 *** 
MA18 P~,mmJh' 0.009 0.001 4.187 0.726 *** 
MA18 I,mmh..J. 0.508 0.211 5.306 0.371 ** 
MA18 13o,mmh.J 0.586 0.117 -1.839 0.640 *** 
MA18 Eho, kJmmm4h' 0.325 0.0512 4.453 0.727 *** 
MA18 KE15,kJrnmm4h.J. 0.028 0.005 4.538 0.694 *** 
t n=38; r~.317 at p--G05 rz~ 408 at~.Ol; •• * = slgmficant atO 01, •• = significant at 0.05, ns= 
not sigOlficant. 
.. ------------------------------------------------------
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canicula. 
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Figure 8.9. Seasonal differences in the effect of rainfall precipitation, P, and 
intensities, I and ho, and the erosivity indices, Eho, KE25 and Pho on the runoff of 
MA18 plots, 1995 wet season; data separated in (.) pre-canicula and (0) post-
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During the pre-canicula period, the slope of the equation relating runoff with 
precipitation is 0.121 in MA6 but the equivalent is 58% higher in MAll (slope of line 
is 0.191) and 200% higher in MA18 (slope of the line is 0.389). For the post-canicula, 
the difference is reduced by around 30 % for MAll and 50 % for MA18. Two 
implications can be drawn from this analysis; a) there is, just as expected, a clear 
effect of ground slope; and b) the response of the soil (as mentioned above) does not 
remain the same throughout the rain season and tends to be less responsive to the 
effect of rainstorms as the season progresses (c.f. Meyer and Harmon, 1992). 
8.1.3 Multiple regression for predicting runoff 
In order to achieve a holistic approach to explaining the responses in runoff from the 
different treatments (MA6, MAll and MA18), multiple regression was used. The 
following set of independent variables was deployed: rainstorm precipitation, P, 30 
min maximum rainfall intensity ha. the antecedent moisture index (AMI is explained 
in Chapter 5) and days since planting (DAP). DAP is used as a surrogate for crop 
development. It is acknowledged that the development of crops is not constant, and 
that at a given time the development becomes asymptotic. However, it is important to 
note that the accuracy of estimation (as given by the correlation coefficient, r) was 
increased as compared with using simple erosivity factors over the whole season. 
According to results shown in Table 8.9, the effect of the factors used seems to 
increase with increasing ground slope. This indicates that, as expected, the 
agricultural treatments become more vulnerable with an increase in land slope. The 
most important single effect is that of the rainfall, and it is followed by the maximum 
30 min rainfall intensity. This reflects the results shown in the previous Section. 
The effect of antecedent moisture (AMI) is to increase the production of runoff in all 
MA treatments; interestingly, the effect increases in proportion (1.00:1.89:3.04) with 
the increase in slope angle (1.0:1.83:3.0), for the 6, 11 and 18 deg slopes, respectively. 
This increase in runoff as an effect of high moisture content at the beginning of 
rainstorms concurs with the findings ofGupta et al. (1982) and Binger et al. (1992). 
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Table 8.9. Multiple regression analysis for predicting runoff from rainstorm 
precipitation and 30 min intensity, antecedent soil moisture (AMI...MA) and 
number of days since planting date (DAP). 1995. 
Rewesslon coefficients 
Runoff P Il!! DAP AMI MA In!. t Multl!!l. r Sign. :j: 
MA6 0.119 0.071 ·0.015 0.728 ·0.861 0693 ••• 
S~:t 0.034 0047 O.OIl 0.414 7.680 
MAll 0.138 0103 -0.015 1.373 -4.878 0.780 ••• 
S.E:t 0033 0045 0.010 0.267 7.337 
MAtS 0.317 0.139 ·0023 2.213 ·7.549 0793 ••• 
S.E:t 0062 0.853 0.0196 0.520 14009 
t Intercept of line; :I: Sign. = statistical SIgnificance foc df. =53, (r ~ 0 266 at 5% and r 2: 0.348 at 1%); 
••• SIgnificant at 99% ; • S.E = standard erroc of coeffiCIent. 
For all three plots, the negative sign of the DAP coefficient indicates that crop 
development (and or weed development) help reduce the production of runoff. The 
DAP coefficient seems to be independent of the slope angle: the magnitude of the 
MA6 and MAll cases is similar; and, although MAl8 seems to have developed better 
plant protection (Le. the coefficient is bigger), the high standard error indicates that 
the effect of this variable in explaining runoff is no different. 
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8.2 Soil loss from maize as a single crop 
The seasonal total soil losses are different for 1994 and 1995 mainly due to the fact 
that 1995 was an extremely wet year, thus producing a greater number of runoff 
events with erosive characteristics. However, total soil losses from the unprotected 
(maize planted as a single crop) treatment established on the steeper slope (18 deg) 
were much higher in both 1994 an 1995 rain seasons than those from unprotected 
treatments established on lesser slopes (i.e. 6 and 11 deg) (Table 8.10). 
Data from 1994 and 1995 showed significant differences in mean soil losses from the 
MA treatments, with MA18 being the highest in both years. The statistical analyses 
consisted of a single analysis of variance for 1994 and 1995 and are shown in the 
Appendix. 
Table 8.10. Soil loss measured from the plots planted with maize as a single 
crop in 1994 and 1995. 
Soil loss, kg m·' 
1994 MA6 MAll MA18 
Mean 0.005 (±O.002) 0.007 (±O.OO3) 0.058 (±O.020) 
Total 0.077 0.105 0.867 
1995 MA6 MAll MA18 
Mean 0.120 (±O.036) 0.217(±O.082) 0.946 (±O.225) 
Total 6.485 11.710 51.070 
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According to 1995 data. the occurrence of runoff was not necessarily reflected in soil 
erosion. This was true even for the treatment offering the worst management practice 
(i.e. MA1S). Out of a total of 54 runoff events registered in 1995. the number with 
erosive characteristics was 39 for MA6. 43 for MAll and 49 for MA1S. Treatments 
offered varying responses to similar volumes of runoff at different times during the 
season. For example. the response of MA IS to runoff of around 10 mm (event Nos. 7. 
24 and 47) varied between 0.12 kg m·2 and 1.2 kg m·2• 
As expected. the varying numbers of effective erosive runoff events imply that the 
steeper the slope. the more vulnerable the soil is to erosion. It is clearly a function of 
increased gradient that reduces surface detention and encourages momentum as the 
water moves downs lope. 
In 1995. most of the soil losses on MA6 and MAll occur within 33 days after 
planting date (25th May 1995) (Figure S.lO). The largest single soil loss in MAll. 
which clearly differentiates it from MA6. occurs during runoff No 8 (3.57 kg m·2). In 
this runoff event. MA6 produces only 1.2 kg m·2 of sediment. Later in the season 
around day 90. MA6 and MAll experience a surge in soil loss as a consequence of 
heavy rainstorms falling at short intervals. For the rest of the season. after day 100. 
both MA6 and MAll produce hardly any sediment. implying that either the soil of 
these treatments has settled/consolidated or is less vulnerable to the erosive effect of 
consecutive rains. since runoff continues (albeit at lesser rates that mid season). 
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Figure 8.10. Cumulative soil losses during the 1995 rain season as measured from 
the treatments of maize as a single crop. Cumulative values of P (+) shown for 
comparison). 
In contrast, MA18 is rather different as it starts by producing high amounts of 
sediment and carries on doing so for most of the rain season. There were three major 
runoff events during the first third of the season that accounted for nearly 32% of the 
total losses. These events are: No 6 (6.7 kg m·2), No 8 (6.9 kg m·2) and No 11 (4.57 kg 
m·
2) which originated from runoff volumes of 20, 18 and 21 mm, respectively. The 
hand weeding operation was carried out previous to runoff event No 8 (at 22 days 
after planting date), and it is quite possible that removing weeds and loosening the soil 
had added surface roughness (Figure 5.14b, Chapter 5) but also contributed to 
increased soil loss. A fourth highly erosive event occurred in No 25, with loss of 6.38 
kg m·2• This was associated With a runoff of22 mm and was a response to the surge in 
rainfall that occurred towards the middle of August 1995. Contrary to lesser slopes, 
MA18 continued to deliver sediments towards the end of the season, although at a 
reduced extent. Even during runoff event No 49, a yield of 2.19 kg m·2 was obtained 
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from a 56 mm storm. Although this storm also caused relatively high runoff volumes 
from the MA6 and Mll treatments, they yielded little sediment. 
8.2.1 Slope angle and soil loss 
Slope steepness and length (LS factor) as an important factor in soil erosion, has been 
long acknowledged (Smith and Whitt, 1949). It forms an integral part of the Universal 
Soil Loss Equation (Wischmeier and Smith, 1958) and many other soil erosion 
models (Elwell and Stocking, 1973; Foster and Lane, 1987; Morgan et al., 1993). 
Table 8.11 shows computed values of the LS factor for the runoff plots treatments in 
this study. According to the USLE original equations (equations 2.22 and 2.23, 
Chapter 2), the potential impact on the rate of soil erosion is between 2.S and 6 times 
that of MA6 (ie. LS value for a slope of 6 deg is 0.76, while it is 4.60 for an 18 deg 
slope). This implies that, even if all the other USLE factors remain constant (i.e. 
similar rainfall erosivity, R or Eho, soil erodibility, K, and crop, C, and management 
practice, P), the difference in the rate of soil erosion could be up to 6 times higher on 
the steepest slope (18 deg), and up to 2.8 times on the intermediate (11 deg) slope. In 
this study, these values were exceeded in both years. 
In 1994, the total soil loss from maize alone on the least steep slope (MA6) was 73% 
and 9% that of the loss from the intermediate (MAll) and steepest slope (MAI8), 
respectively (Table 8.10). A similar comparison using data of 1995 shows that total 
soil losses from MA6 were 55% that of MAll and 13% that of MAlS (Table 8.10). In 
general and looked at the other way, it can be said that SLS_MAI8 is 10 times larger 
than that of SLS_MA6, and that SLS_MA11 is 2 times greater than that in SLSMA6. 
Thus, it is considered that the proposed modification made by McCool et al. (1993) 
for the north-westeru wheat region of the USA, would not apply for the situation in 
which this study was carried out. Their proposed modification reduces the values of 
LS relative to those obtained for USLE. Those lower values were based on field 
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experiments under simulated rainfaII and were considered necessary because the 
original USLE values proved too high for their slopes. 
Table 8.11. Comparison of slope gradient and slope length factor for plots 
planted with maize as a single crop obtained by two methods. 
Slope LS from USLE LS 
(Wischmeier and Smith, 1978) McCool et al. (1993) 
% deg Lt S:j: LS LS ... 
11 6 0.562 1.35 0.76 0.615 
21 11 0.562 3.89 2.19 0.876 
32 18 0.562 8.18 4.60 1.150 
t equauon 2.22; :j: equation 2 23; ... equauon 2.25; 
It is clear that cultivating maize, or any other crop (McCool et al .• 1993), on steep 
slopes has a direct impact on soil losses. There is a highly significant exponential 
correlation between soil losses and slope angle for data of 1994 and 1995 (Figure 
8.11). The curves for both years foIlow similar trends (though note the different scales 
because soil losses in 1994 were obtained from 15 runoff events against 54 in 1995). 
Even if the relatlOn between increase in slope and increase in soil losses is not linear 
(Figure 8.11), an increase of one degree in slope (when increasing slope from 6 deg to 
11 deg) increases soil erosion by approximately 1 kg m·2 a·1 and by approximately 5.6 
kg m·2 a·1 when the slope changes from 11 deg to 18 deg. 
The relation between ground slope and soil losses for treatments of maize as a single 
crop are described by the foIlowing equations: 
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in 1994 SLS_l\1A = O.0177e02052S Equation 8.16 
with r = 0 956 significant at 9S % probabilIty level, and 
in 1995 SLS_MA = 2.052eo.1745S Equation 8.17 
with r = 0 994 significant at 99 % probability level, where SLS _MA are seasonal sOlI 
losses in kg m-2, and S is the ground slope, S (deg), over the range S2!6 deg but S~18 
deg 
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Figure 8.11. Soil loss as a function of ground slope from treatments of maize as a 
single crop. 1995 
It is acknowledged that three pomts are not enough for forecasting a whole range of 
inclinations, and that further expenmentation should be performed However, several 
authors (Morgan, 1978, Siebert and Lassoie, 1991, Revel and Guiresse, 1995a&b) 
have acknowledged the importance of slope steepness for hiIIslope erosion The 
equation 8 16 could be used for years of moderate rainfall, whilst, as the results on 
which equatIon 8 17 is developed are from a year with higher than average rainfall 
and runoff; the equation could possibly be used for years of extreme precipitation 
I 
I 
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8.2.2 Erosivity Indices and Soil Loss 
Simple regressions between soil losses from each treatment and erosivity indices were 
performed. The coefficients obtained are presented in Table 8.12 for the whole 
season, and in Tables 8.13 and 8.14 for separated sub-seasons. Soil losses for each 
treatment of maize as a single crop are explained as a function of: precipitation, P, 
runoff, maximum 30 min intensity, ho, and erosivity indices KE25 , Eho and Pho. 
Soil losses were highly correlated with all erosivity indices in both sub-seasons and 
the complete season. Runoff explained soil losses on MAli and MAI8, but was less 
well correlated in MA6. Given the fact that rainfall intensity ho was strongly 
correlated to soil losses it is not surprising that the erosivity indices Eho and Pho also 
proved to be highly correlated. 
However, when taking the wet season as a whole, KE25 also attained high degree of 
correlation. Indeed, for the pre-canicula period. soil losses were better explained in 
MA6 and MAll by Hudson's KE25 index and next by the Eho. During the fIrst sub-
season, the product Pho better described soil losses in MAI8. The slope coefficient of 
linear models is higher during the pre-canicula as compared to the post-canicula, 
suggesting, again, availability of soil and lack of protection. 
The goodness of fIt, for most of the models, although still highly signifIcant (99% 
level), diminishes towards the second part of the season, and the lowest r values 
correspond to MAl8 (were r is signifIcant at p=O.05 for Pho, El30 and KE25). MA6 
and MAll responded similarly during this second part of the wet-season. This is 
shown better by the ranking of the relative importance of the erosivity: Eho> Pho >P 
> KE25 > ho> I >Runoff. Thus, for the second part of the wet season, runoff (for each 
treatment) has the least impact in producing sediment yield in MA6 and MAll yet it 
is the most important factor in MAI8. 
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Table 8.12. Simple linear regression models and correlation coefficients (r) of soil 
losses and erosivity indices for plots planted with maize as a single crop in 1995. 
Whole season 
Whole season 
Plot Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 Runoff,mm 0.2350 0.0075 0.0316 0.399 *** 
MA6 P,mm 0.0086 0.0015 -0.0857 0.629 *** 
MA6 PI30, mm'h ' 0.0002 0.00002 -0.0345 0.773 *** 
MA6 lJo,mmh ' 0.0166 0.0020 -0.1457 0.634 *** 
MA6 EI30, kJmmm"'b.l 0.0076 0.0008 -0.0268 0.792 *** 
MA6 KE:s, kJmm m4 h4 0.5416 0.0726 -0.0194 0.719 *** 
MAll Runoff,mm 0.0617 0.0150 -0.0563 0.496 *** 
MAll P,mm 0.0172 0.0037 -0.1962 0.545 *** 
MAll PI)O, mm'hol 0.0005 0.0001 -0.1535 0.800 *** 
MAll 130,mmh 1 0.0304 0.0041 -0.4801 0.717 *** 
MAll EI3o, kJmm m4 h-l 0.0188 0.0016 -0.1467 0.846 *** 
MAll KEl5, kJ mm m4 h' 1.4538 0.1339 -0.1573 0.833 *** 
MA18 Runoff,mm 0.0938 0.0202 0.1507 0.542 *** 
MA18 P,mm 0.0432 0.0104 -0.0886 0.500 *** 
MA18 PIlO, mm'h-l 0.0012 0.0002 0.1030 0.666 *** 
MA18 130, mmh-t 0.0817 0.0114 -0.9244 0.705 *** 
MA18 EI3o, kJmm m4 h4 0.0422 0.0060 0.1266 0.698 *** 
MA18 KEls,Jrnmm4 h4 3.2911 0.4778 0.0986 0.691 *** 
t StatIstical sigmficance for n=54 (r 2: 0 266 at 5% and r 2: 0.348 at 1%); .** significant at 99% ; •• 
significant at 95% probabihty. 
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Table 8.13. Simple linear regression models and coefficients of correlation (r) of 
soil losses and erosivity indices for plots planted with maize as a single crop in 
1995. 
Pre-canicula 
Plot Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 Runoff,mm 0.0552 0.0233 0.0457 0.535 ** 
MA6 P,mm 0.0166 0.0033 -0.1540 0.804 *** 
MA6 PI30, mm'h.J. 0.0003 0.00004 -0.0227 0.882 *** 
MA6 I 30,mmh-l 0.0137 0.0030 -0.2083 0.777 *** 
MA6 EI3o, k]mmm4 h' 0.0082 0.0011 -0.0108 0.892 *** 
MA6 KEzs,Jmmm.Jh' 0.6272 0.0707 -0.0496 0.921 *** 
MAll Runoff,mm 0.2018 0.0400 -0.2521 0.803 *** 
MAll P,mm 0.0513 0.0880 -0.6026 0.842 *** 
MAll PI30, mm2 h 1 0.0008 0.0001 -0.1933 0.920 *** 
MAll 13o,mrn h.J. 0.0405 0.0087 -0.7188 0.778 *** 
MAll EI3o, kJmmm.Jb' 0.0250 0.0026 -0.1568 0.931 *** 
MAll KE4s,Jmmm4 h' 1.8916 0.1850 -0.2596 0.939 *** 
MA18 Runoff,mm 0.3075 0.0390 -0.6284 0.903 *** 
MA18 P,mm 0.1255 0.0222 -1.2770 0.834 *** 
MA18 PI38, mm'h l 0.0020 0.0002 -0.3466 0.951 *** 
MA18 130,mmh.J. 0.1184 0.0134 -2.1228 0.921 *** 
MA18 EI3Q, kJrnmm.Jh-l 0.0636 0.0056 -0.2326 0.950 *** 
MA18 KE4s,Jmmm4 h4 4.5740 0.5219 -0.4187 0.919 *** 
t statisucal sigmficance for 0=16; r~.482 at p=0.05; r~ 0 606 at p=0 01; *** = significauve at 0.01, .* 
= sigmficative at 0.05. 
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However, in MA18, this seems to be controlIed by one single event (runoff event no. 
25) which produced 6 kg m·2 of sediment under a relatively low erosive rain. This 
particularly high soil loss under low erosive circumstances is not easy to explam. It is 
possible that such a yield of sediment was derived from the accumulated sediment 
shifted down slope by previous rainfall events, thus erosion being recorded when a 
sufficiently erosive storm was able to push the wave of sediment out of the plot. There 
were 7 rainstorms delivering between 14 and 30 mm within the eight days previous to 
runoff event 25. None of these achieved erosive power similar to runoff event 25. 
Nevertheless, if the sediment yield of runoff event 25 is removed, the best fit for the 
post-canicula remains with runoff (r=O.602), followed by rainstorm P (0.595). This 
implies that the soil in MAl8 is still vulnerable to the ravages of rain and runoff as 
soil availability is not totally exhausted (by means of aggregates break down) and/or 
developing rills. 
In all the MA treatments, the goodness of fit with all erosivity indices was higher 
during the pre-canicula period. Furthermore, in a similarly fashion to that observed 
for analysis of runoff, the slope of the linear regression models tended to increase with 
increases in ground slope. Soil losses in plots of maize as a single crop originated 
from only few erosive storms and could be explained by one or another of the rainfall 
erosivity index. Figures 8.12, 8.13 and 8.14 show the scatter of data when soil loss is 
plotted against the erosivity indices. 
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Table 8.14. Simple linear regression models and coefficients of correlation (r) of 
soil loss and erosivity indices for plots planted with maize as a single crop in 
1995. Post-canicula 
Post-canicula 
Treatment Index Slope Standard Intercept r Sign. t 
coefficient error± 
MA6 Runoff,mm 0.0209 0'(Xl7 0.0021 0.444 *** 
MA6 P,mm 0.0071 0.0014 -0.0882 0.637 *** 
MA6 P~, mm1hol 0.0002 0.00003 -0.0315 0.691 *** 
MA6 lJO,mmh-l 0.0094 0.003 -0.0997 0.468 *** 
MA6 EI3o, kJmmm-lhoJ. 0.0068 0.0012 -0.0264 0.694 *** 
MA6 KElS,J mm m-2h ' 0.4214 0.1255 0.0043 0.489 *** 
MAll Runoff,mm 0.0367 0.0083 -0.0626 0.592 *** 
MAll P,mm 0.0102 0.002 -0.1447 0.640 *** 
MAll P~,mm2hl 0.0003 0.00004 -0.0901 0.800 *** 
MAll I 30,mmh 1 0.0175 0.0038 -0.2416 0.607 *** 
MAll EI30, kJmmm-2h t 0.0115 0.0014 -0.0848 0.818 *** 
MAll KE1S, Jmm m4 h" 0.7811 0.1605 -0.0465 0.630 *** 
MA18 Runoff,mm 0.0628 0.0167 0.1551 0.523 *** 
MA18 P,mm 0.0252 0.0091 0.1478 0.420 *** 
MA18 PI mm'h' 0.0006 0.0002 0.4152 0.387 ** 
.. ' 
MA18 I 30,.mmh t 0.0447 0.0165 -0.1201 0.412 *** 
MA18 EI30, kJrnmm4 h'" 0.0204 0.0082 0.4344 0.385 ** 
MA18 K~5,kJmmm·h· 1.5611 0.7321 0.4656 0.335 ** 
t Statistical significance for n=38: r~ 317 at p=O.OS; r~.408 at 1'=0 01; ••• = SIgnificant at 0 01, •• = 
sIgnIficant at 0 05. 
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Figure 8.12. Effect of runoff and erosivity indices on soil loss from MA6 (symbols 
represent. data for the pre.canicula period, and 0 data for the post.canicula 
period in 1995). 
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Figure 8.14. Effect of runoff and erosivity indices on soil loss from MA18 
(symbols represent. data for the pre-canicula period, and 0 data for the post-
canicula period in 1995). 
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The erosivity indices and runoff were used in a step-wise regressIOn in order to 
identifY possible interaction between these erosive factors (Table 8 15) However, no 
improvement (when performing the step-wise analysis without forcing any variable 
into the model) was obtained for explaining soil losses in MA6 (E/;o) and MAI8 (/;0) 
It means that the single factor from simple regressions (for the wet season as a whole) 
proved to be the best predictor for soil losses in both treatments 
Table 8.15. Step-wise analysis for predicting soil losses from plots planted with 
maize as a single crop, data for all season in 1995. Units: P and Runoff in mm, 130 
in mm h'\ Eho and KEz5 in kJ mm m'z h'\ and PI30 in mmz h,t. 
Coefficient of Eroshit~ index 
P Runoff 1,. El" KE,s PI,. Int. r Si!:,!: ! 
MA61 stp ~ rue ... rue rue 0008 rue rue -0027 0792 * •• 
SE± 0001 
Par Corrt 0102 0086 0204 0073 0219 
MAI13 sip ~ rue rue -0017 0123 rue -0003 0245 0953 .*. 
SE± 0004 0010 00003 
ParCorr 00149 0189 0006 
MAISl sip ~ rue rue 0082 me rue rue -0361 0779 *** 
SE± 0011 
ParCorr 0090 0023 0235 0152 0171 
t SIgn. = statistIcal slgruficance for d f. = 53, (r" 0 266 at 5% and r" 0 348 at 1%), *** slgruficant at 
99 %, ** slgmficant at 95% probability, ns = no Significant, t Par Corr. = Partial correlatIOn and SE = 
standard error of coeffiCient, of, me= not III equaUon, ~ stp = number of steps for best fit 
However, the result for MAil indicates a large influence from the /;0 factor The best 
model for predicting soil losses ID MAil incorporates /;0 together With EI30 and P/;o 
factors and gives an increase of 10% in the correlation coefficient. The model, which 
inevitably involves auto-correlation, can be expressed as 
SLS_MAll = ho (0.123 E - 0.003P- 0.0017) + 0.245 Equation 8.18 
where SLS_MAll is soil loss in kg m,2, /;0 is the maximum 30 min intensity for a 
rainstorm, P is the rainstorm precipitation, mm, and E is the total kinetic energy from 
a given rainstorm kJ m'z. 
, 
/ 
, 
, 
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A decline in sediment yield was observed in MAl8, towards the middle of the wet 
season and it was possible to define two subsets each equivalent to nearly half of the 
total number of events. In this case, the first part of the modified sub-season runs from 
runoff event no. 1 up to no. 26, and the second covers the remaining 28 events. Figure 
8.15 below shows the relationship found between the cumulative values of soil loss 
from MAl8 and the cumulative values of rainfall erosivity index Eho (N). 
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Figure 8.15. Cumulative soil loss from MA1S as a function of cumulative E130, 
data from 1995. (symbols represent. data for the first half of wet season - events 
1 to 26 " and 0 data for the second part of the wet season - events 27 to 54 • in 
1995). 
Such a pattern is best described by a double mask relationship and explained by two 
independent linear equations. For both sub-seasons the relation is highly significant at 
99% level, with df=25 and df=27 for the first and the second parts, respectively. It 
seems that the breakpoint between both lines occurs independently of the natural 
break in the rainfall season itself. If data presented in Chapter 6 (Figure 6.5)are used, 
the break point seems to be rather controlled by the status of the soil than by the 
erosional activity of rains. This is based upon the fact that by the time the break point 
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is reached, around 70% of total soil losses in MA18 has occurred whilst the 
cumulative value of Eho is only 40% of the total 
Soil erosion varied during the growing season in a similar way to that described by 
Brown et aI_ (1996) The rate of soil erosIOn achieved a peak by the mid season and 
recessed even for the worst agricultural practice (MAI8) It is considered that such a 
change in soil erodibility is related, in a varied degree, to the following factors- a) 
major changes in erosive characteristics of rainfall (as shown in Figure 66, Chapter 
6), b) reduced availability (exhaustion) of erodible soil (nearly 80 % of total sOlI 
losses has already occurred before the camcula finished, Table 8 2); c) settlement 
and/or compaction of soil surface which in turn affected the shear force required to 
detach soil particles (soil bulk density and resistance to shear stress at the soil surface 
increased towards the end of the season, Tables 5 4 and 5 5, Chapter 5); and d) 
increased surface cover which provided better protection to the soil and increased 
surface roughness (similar to the ones observed in this study, Sims and Walle, 1995, 
reported significant increments on biomass production during the early stages of 
development of the cover crops, Figure 2 6, Chapter 2) Also it is important to remark 
that the point where the two linear models differentiate (Figure 8 15), occurs after the 
end of the camcula dry period which might, by drying the soil, have increased the 
intrinsic strength of soil aggregates (c f Evans, 1980) This added strength could help 
reduce the effect of comparatively simIlar storms, which during the first part of the 
wet season had larger production of sedlments 
8.2.3 Soil erodibility 
The seasonal variability of soil erosion is substantiated by the computed values of the 
erodibility factor K, by means of the equatIon-
1(.= SLS.* EhOo-1 Equation 8.19 
where K, is soil erodibility, kg m-2 krl mm-I m2 hI, computed in event e, SLS, is the 
actual sediment yield measured for that event, kg m-2, and El;Oe is the corresponding 
rainfall erosivity, kJ mm m-2 h-I, for such an event (Mutchler et aI, 1988) 
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K values were not constant dunng the wet season for any of the treatments (Figure 
8.16) and it was observed that a decrease occurred towards the middle of the season, 
as suggested above for the relationship between cumulative Eho and cumulative soil 
losses. For this reason, the season was separated at an appropriate point and a simple 
statistical analysis was carried out. 
Results for all three MA plots are presented in Table 8.16. As a comparison, the 
estimated value of K is 0.17 (units in: kg mZ k]"1 mm·1 m·z h) according to the USLE 
nomograph (Wischmeier et al., 1971) shown in Chapter 2, Figure 2.3. The data 
entered is as follows: 28% silt/fine-sand; 48% sand; 4% organic matter; structure fme 
to granular; and moderate permeability (data in chapter 4, Tables 4.4 and 4.6). 
In general, soil erodibility was always higher (up to 11 times greater) in the MA18 
plot as compared with MA6 and MAIL However, in all instances K was reduced by 
60 or 70 % in the second part of the season. It was observed that, only in one case did 
MA1S produce a higher K value than that derived from the USLE nomograph (Figure 
8.16). 
This kind of analysis establishes the risk of over-estimating soil losses if using a 
single and standardised value of K for a whole season when predicting soil losses 
using the USLE equatIOn. Also, Nill (1993) reported seasonal variability of K values 
for agricultural treatments. McIsaac and Mitchell (1992) and Meyer and Harmon 
(1992) reported changes in the rate of soil loss during the season due to increases in 
soil protection attained by the normal growth of crops. In addition, reduction in the 
net production of interrill soil erosion has been obtained by incorporating relatively 
small amounts of residues on top of the soil surface (Aarstad and Miller, 1981). 
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Table 8.16. Soil erodibility factor K computed for 1995 wet season from 
treatments of maize planted as a single crop. 
1" part of season 
Mean 
S.E. ± 
Median 
2" part of season 
Mean 
S.E. ± 
Median 
KforMA6 
0.006 
0.001 
0.003 
0.002 
0.0001 
0.004 
KforMAll 
0.009 
0.002 
0.005 
0.003 
0.0007 
0.001 
KforMA18 
0.053 
0.011 
0.046 
0.016 
0.003 
0.013 
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Figure 8.16. Soil erodibility from plots planted with maize as a single crop during 
the 1995 wet season (Kt = mean K value for first half of season, and Kz = mean 
value for second halO. 
I.AREVALO·MENDEZ 8.265 
8.3 Discussion 
Results obtained in this study strongly confirm that establishing monoculture crops on 
previously forested land, leads to high volumes of runoff and accelerated rates of soil 
erosion. Soil losses from plots planted with maize as a single crop obtained here are in 
agreement with those reported by Sheng (1982) and Shenk et al. (1983) from research 
carried out on the hillsides of El Salvador and Costa Rica, respectively. 
Sediment yield and runoff were always higher from any agricultural treatments when 
compared with the [rred and natural forest areas. For example, even when, in 1995, 
the runoff from fired forest (116 mm) was nearly 50% of that from MAll (239 mm) 
the sediment yield from the fired forest (1.11 kg m·2 a· l ) was only 10 % that from 
MAll (11.7 kg m·2 a,I). Given the fact that the most important difference between the 
two treatments consists on soil management (tillage carried out on the agricultural 
soil), it is clear that tillage has an important effect on the production of sediment. This 
concurs with work reported by Unger (1984), Revel and Guiresse (1995a&b), and 
Govers et al. (1996). This implies that the sediment in streams and water bodies must 
be largely derived from hillsides under agriculture rather than from forest land, even 
forest land in the initial stages of land clearance. 
The amount of runoff and the rate of soil erosion increase with increasing land slope, 
but the relation is curvilinear. It has been found here that mean values of the 
runoff:rain ratio, the runoff coefficient, Rc, were highly correlated with ground slope. 
The statistical model that best described the association is exponential. The runoff 
coefficients for each MA treatment can be used, for example, in estimating soil losses 
by incorporating it into the modified USLE model proposed by Kinell (1997). 
However, it is important to point out that, even with different rainfall erosivity in the 
two years of record, the average runoff coefficient of each treatment remains robustly 
sirnilar(e.g. Rc in MAll was 13.1% in 1994 and 17.1% in 1995). 
However, it was observed that responses of both runoff and sediment yield to rainfall 
varied seasonally. The sub-seasonal variability of soil loss response concurs with that 
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shown by Kiepe (1995) in that reduced volumes of runoff lead to reduced sediment 
loss. 
It is not uncommon to have to estimate soil losses where no data from experimental 
research is available. In this case, gross estimations are made using models derived in 
environments that differ from the one being calculated for. This might lead to over- or 
under-estimation of actual soil looses. However, after finding in this study that the 
same treatment can be explained by different erosivity indices, it is important to be 
cautious when predicting soil losses from generalised equations such as the one 
proposed by Elwell and Stocking (1973). They found a linear relationship (Y = a X -
b) between soil loss, Y, and Eho, X, which they proposed could be used for quick 
estimations of annual soil losses under a wide range of crop cover conditions. Even if 
adjustments are carried out to account for changes in the erosion response to rainfall 
under growing vegetative cover, there is a risk in assuming that both the erosivity of 
rains and the erodibility of soils remain the same throughout the wet season. This 
could lead to over estimation of soil losses. 
Potential annual soil losses (A) were computed using the USLE factors for three 
different slopes but the same crop management practice - maize as a single crop. The 
rainfall erosivity factor R used for the calculations was obtained from the model 
presented by Mikhailova (1995) and shown in Chapter 6. There is no doubt that the 
choice of the R factor is important in determining the total amount of soil loss. It was 
decided here to use the figure for R = 5677.1 MJ mm ha·2 a·1 for two reasons: a) it is 
an intermediate value between the two extreme values actually measured in 1994 and 
1995,3266.7 and 11471.9 MJ mm ha·2 a· I, respectively; and b) in doing so, it presents 
an opportunity to test a supposedly reasonably good estimation. 
Annual soil losses for maize as a single crop estimated using the USLE are 2.9, 4.7 
and 2.2 times larger, respectively, than the corresponding ones actually measured in 
this study under the exceptionally wet year of 1995 (Table 8.17). This implies that 
using the USLE model might lead to over-estimations of soil losses if the components 
of the model are not properly selected. It is considered here that the reason for such 
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overestimations were largely due to the figure for K obtained from the Nomograph 
produced by Wischmeier et al. (1971) (Figure 2.3, Chapter 2). 
Table 8.17. Comparison between measured and estimated soil losses from 
treatments of maize as s single crop. 1995. 
Soil loss t ha·1 a·1 
Method MM MAll MA18 
Measured in 1995 64.9 117.1 510.7 
Estimated USLE 189.4 544.8 1144.3 
Increase t( %) 292 465 224 
t increase in SOli loss based on measurements camed out in 1995. 
As explained on Section 8.2.3, K values computed from actual measurements of 
sediment yield and rainfall erosivity were generally much lower than the value for K 
(0.17 kg m2 kTI mm·1 m·2 h) derived from the nomograph. Mutchler et al. (1988) 
acknowledged that values of K must be corrected to reflect the effect of soil water 
content and temperature at the beginning of rainfall. Furthermore, it was observed 
here that the computed values of K varied during the season. This could be explained 
by the seasonality of rainfaII and derived erosivity parameters, as weII as by the 
seasonal change on soil erodibiIity. It is further explained by changes in soil 
charactenstics through the season (increase in soil surface compaction while soil 
surface roughness decreases; increases in soil density and strength) as well as by the 
exhaustion of readily erodible material on the soil surface. All these factors have been 
acknowledged variously by several authors (La!, 1988b; Mutchler et al., 1988; Kine\l, 
1992; Meyer and Harmon, 1992; Hanson, 1992; NOlton and Brown ,1992) 
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Furthermore, it is important to account not only for dynamic changes in both soil 
erodibility and rainfall erosivity, but also the relative protection of the soil attained by 
the development of crops. Ghidey and Alberts (1997) found that increases in organic 
matter, as provided by root mass, significantly decreased the rate of interrill 
erodibility at the time that soil strength increased. This situation is similar to that 
described in this study during the 1995 wet season. In accordance with information 
presented in Table 5.4, Chapter 5, there was a tendency for those parameters 
measured on the plots and related to soil strength, such as dry bulk density and 
resistance to shear stress to increase throughout the season. 
There is no doubt that accelerated soil erosion occurs once previously forested land is 
opened to agriculture (Pla-Sentis, 1981; Hudson et al., 1983a&b; Oyarzun and Peiia, 
1995). Thus protection practice must be enforced if land degradation (and hence, soil 
productivity; Alberts and Moldenhauer, 1981; Olson et al., 1993) on hillsides is to be 
minimised (Shaxson, 1983; Humi, 1988; Lal, 1988b; Hudson, 1993; EI-Swaify, 
1997). 
Given the fact that the down-slope length (7 m) of the runoff plots was decided upon 
to coincide with the average spacing between consecutive live barriers recomended 
for the area (Leonard and Mayorga, 1993; SRN, 1994), the sediment yield data could 
form a basis for calculating the rate of development of terraces. This might be the case 
only if such live barriers are properly established on the contour and are capable of 
stopping or slowing runoff and if the plant leaves are close enough to filter sediment 
and promote deposition (Simpson, 1989; Njogu, 1990; Kiepe, 1995; Agus et aI., 
1997). The failure of live barriers in stopping soil erosion is accounted for in the 
literature (Morgan, 1980; Neibling and Thompson, 1992; Madramoto and NorviIle, 
1993; Hudson, 1995). 
In any case, after the high rates of soil erosion measured in this study, it is clear that 
these additional in situ conservation measures must be adopted (Bonsu, 1981; 
Hallsworth, 1987; Stocking, 1988; Reijntjes, 1992; NiII and NiII, 1993). 
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9. RUNOFF AND SOIL Loss FROM PROTECTION TREATMENTS 
Soil conservation measures such as live barriers planted on the contour, strip 
cropping, agroforestry and narrow terraces (Hudson, 1981; Sheng, 1988; Kiepe, 1995) 
as well as appropriate tillage systems (Zhenk et al .• 1983; Unger, 1984) are usually 
recommended as simple and reliable practices for protection of steep hillsides. Live 
barriers of leguminous bushes (ie. Leucaena sp. or Calliandra sp.), or grasses (i.e. 
Vetiver sp., Pennisetum sp.) when properly established, are effective in reducing 
erosion and help build up terraces (Meyer et al., 1995; Sims et al., 1996; Roose, 
1997). In steep slope environments, soil protection has been effected by mulching 
(Siebert and Lassoie, 1991) and by cultivating legume shrubs (Andreu et al., 1994). 
However, soil conservation measures are not infallible in preventing soil erosion 
(Morgan, 1980; Madramoto and Norville, 1993). For example, grass strips or live 
hedges do not entirely stop erosion on steep lands (Hudson, 1995) and may prove to 
be strong competitors with the main crop for water and nutrients (Agus et al., 1997). 
Furthermore, the development of rills on the backslope of broad- or narrow-based 
terraces has been documented in the literature (Neibling and Thompson, 1992). As a 
result, soil conservation measures must extend onto the rest of the land. Whenever 
possible, mechanical and agronomic control measures are recommended in 
conjunction with traditional agronomic practice (Hallsworth, 1987). 
Development of agroecosystems that simulate natural ecosystems is one way of 
controlling soil erosion and preserving or restoring high levels of soil productivity in 
sustainable agricultural systems (Bonsu, 1981; Reijntjes, 1992). This might be 
achieved by means of intercropping a leguminous cover crop with the main crop 
(Thurston, 1994; Buckles et al. 1993; Bunch, 1990b & 1994a; Breland, 1995). It is in 
this context that protection treatments were incorporated into this study. 
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9.1 Runoff from treatments of protection 
During the two years of this research, use of cover crops proved to be an inexpensive 
and relatively secure methods for reducing runoff and, hence, soil losses. In year one, 
Mucuna had a poor performance but improved in year two. In both years, Canavalia 
was efficient in achieving the objective of intercropping and was demonstrated to be a 
more reliable crop. The following sections describe results and discuss posslble 
implications for the use of such cover crops. Runoff and sediment yield data for each 
erosive storm are given in Tables 9.1 for 1994 and 9.2 for 1995. An analytical 
summary, describing the runoff as measured from the four treatments using cover 
crops are summarised in Table 9.3 below. 
During the first year of the research, the treatment of maize intercropped with Mucuna 
(MM) produced higher total and mean values of runoff as compared to those of maize 
intercropped with Canavalia (MC) on both the 11 deg and 18 deg slopes (Table 9.3). 
Mean runoff from MM treatments were between 2 and 3 times higher than MC. In 
fact, for 1994, no statistically significant differences on means of runoff were detected 
between treatments of maize as a single crop (MA) and those of MM on similar slope 
(as given by the ANOVA and the paired t test analyses). High runoff volumes 
measured from the MMll and MM18 plots were due to the initially poor protection 
given by the Mucuna plants in the first year as compared with the protection offered 
by Canavalia. 
Results for 1995 show differences from these observed in 1994. Mucuna seeds, left on 
the field at the end of the 1994 season, germinated at the beginning of the rains (May 
1995). The Mucuna seedlings grew very quickly and threatened to cover the ground 
even before the maize seeds were planted. This did not occur on those plots planted 
with Canavalia. Even after most of the volunteer Mucuna plants were removed (while 
preparing the land for sowing), new tillers grew from the recently-cut shoots and 
Mucuna plants were spreading again before the cover crops were formally planted. 
This resulted in a greater population of Mucuna plants than that in 1994 (Table 9.4). 
This is a situation that would be expected to occur under a farmer management 
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practice as reported by Buckles et al. (1992) and FIores (1991 and 1993a). It is 
normally expected that Mucuna seeds are re-sown voluntarily and cover the land as 
fast as possible to provide better protection to the soil 
Table 9.1. Runoff and soil loss measured from the agricultural plots, protection 
treatments, during the rain season, 1994. 
Runoff Runoff,mm Soil loss, kg m·' 
event 
MCll MC18 MMlt MM18 MClt MC18 MMll MM18 
1 0.68 0.49 0.41 0.22 0.0075 0.0043 00024 0.0020 
2 1.09 2.17 1.99 2.09 0.0011 00077 0.0022 0.0068 
3 0.60 0.87 0.85 1.35 00021 0.0104 00078 0.0085 
4 1.00 2.93 2.28 8.11 0.0022 0.0235 0.0216 0.1493 
5 0.37 0.27 0.29 0.41 0.0007 0.0005 00005 0.0019 
6 0.19 0.17 053 0.10 0.0003 0.0003 0.0005 0.0001 
7 0.56 1.53 1.51 5.64 00017 00056 0.0032 0.0162 
8 2.49 6.68 12.43 14.29 00032 00312 0.0632 0.0199 
9 1.00 2.93 2.29 8.12 0.0000 0.0012 0.0010 0.0115 
10 069 0.73 0.85 211 0.0000 0.0001 0.0002 0.0013 
11 0.55 0.73 0.73 2.91 0.0000 0.0005 00015 0.0180 
12 0.91 1.49 1.49 5.65 00001 0.0010 0.0030 00354 
13 1.73 3.13 3.10 10.02 00003 0.0045 0.0139 0.1277 
14 0.91 3.10 2.73 8.29 00003 0.0035 0.0037 0.1018 
15 2.00 11.30 15.86 15.30 0.0009 0.0246 0.0495 0.2737 
Total 14.76 38.51 47.35 84.60 0.0205 0.1186 0.1742 0.7740 
Mean 0.984 2567 3.156 5.640 0.0014 0.0079 00116 0.0516 
S.E(±) 0.163 0.760 1.185 1.281 00005 00026 0.0050 0.0203 
Median 0.911 1.531 1.510 5.637 0.0007 0.0043 0.0030 0.0162 
Minimum 0.194 0.168 0.292 0.095 0.0000 0.0001 0.0002 0.0001 
Maximum 2.487 11.299 15.856 15.300 0.0075 0.0312 00632 0.2737 
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Table 9.2. Runoff and soil losses measured from maize intercropped with 
legumes during the rain season, 1995. 
Runoff mm Soil loss kl! m" 
RUBorr Mcn MCI8 MMII MMI8 MCII MCI8 MMIJ MMI8 
1 150 250 067 266 000338 000849 00\169 006099 
1 037 075 033 058 000510 000350 000883 000299 
3 020 021 023 043 000075 000678 000216 000577 
4 050 074 051 108 000993 001272 001040 001546 
5 094 1 81 086 159 001087 001357 000923 001726 
6 666 1724 766 1272 129700 420985 064632 4.73209 
7 324 635 146 7.33 004835 012930 002534 008066 
8 906 1541 973 16.54 321833 614444 349715 612424 
9 045 108 035 120 000613 000959 000192 00\126 
10 143 1.78 149 226 004724 006386 004683 0\1022 
n 1064 1800 1743 1840 094129 3.70268 1.30484 275602 
U 268 440 1.13 228 038\12 051000 006435 036914 
13 159 284 083 123 018205 017578 003434 008945 
14 143 301 095 076 008035 033431 002186 005613 
15 474 708 205 294 004263 1 15012 012735 036689 
16 051 148 026 122 001269 003891 000977 003299 
17 1 81 247 143 274 000975 006179 000033 003402 
18 039 102 038 062 000194 030048 000042 000155 
19 038 138 032 065 000276 004184 000087 000675 
10 036 106 034 058 000000 010323 000170 00\192 
21 086 389 085 180 000493 010342 000766 016014 
22 073 347 191 307 000466 074821 000267 028702 
23 097 473 257 286 001296 067099 005647 004015 
24 136 500 257 290 004328 o 1I763 004740 256137 
25 361 1042 919 1097 020189 097053 004200 049300 
26 911 1058 1071 1447 047931 167352 0\1220 146935 
27 1619 1879 1214 1416 044669 139233 005430 202301 
28 1516 1759 1429 1658 003891 013620 000000 005837 
29 107 4.5 029 084 001236 002048 000064 001003 
30 614 757 354 750 006429 020143 000000 002143 
31 008 026 007 020 000000 000000 000000 000000 
32 307 694 119 236 0026\1 018400 009183 001979 
33 143 517 1 18 169 002212 004109 000086 000390 
34 041 107 032 093 000710 016252 000180 001255 
35 329 798 900 346 000035 004913 000009 000973 
36 007 046 006 041 000000 000000 000000 000000 
37 029 096 014 050 000000 000000 000000 000000 
38 014 061 0\1 048 000000 000000 000000 000000 
39 264 5.53 036 121 00\194 004403 000000 000000 
40 050 1.37 014 050 000044 000247 000012 000056 
41 018 062 014 052 000223 001573 000255 000136 
42 107 391 193 283 000000 006561 000041 000420 
43 071 193 043 090 001753 013001 000249 000848 
44 129 362 3\1 493 000146 000166 000343 000564 
45 076 192 250 30 000678 001504 000015 000056 
46 061 093 021 045 000431 000273 000051 000196 
47 093 163 064 122 000307 002628 000189 000842 
48 071 242 314 1\1 000876 015799 001870 002900 
49 1043 1348 1559 1I 12 001401 003849 000599 000231 
SO 107 433 374 275 000030 000719 000007 000105 
51 028 049 014 045 000000 000000 000000 000000 
52 079 225 043 096 000013 000073 000000 000018 
53 000 050 000 042 000000 000000 000000 000000 
54 032 019 025 021 000000 000000 000000 000000 
Total 135 137 245712 151234 195516 7740 24001 6280 22 \19 
Mean 2.503 4550 2801 3621 01433 04445 o 1I63 04096 
S.E. (±) 0506 0688 0592 0662 00661 01533 00691 01585 
Median 0957 2485 0854 1408 00079 00466 00023 00\16 
Minimum 0000 0189 0000 0200 00000 00000 00000 00000 
Maximum 16193 18789 17429 18400 32183 61444 34972 61242 
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Table 9.3. General parameters for runoff measured from the plots planted with 
maize and cover crops. 1994 (pt=294 mm) and 1995 (pt=1292mm). 
Runoff, mm, 1994 
Parameter MCll MC18 MMll MM18 
Mean:!: 0.98 (±O.16)c 2.57(±O.76) b 3.16 (±1.l9) ab 5.64 (±1.28) a 
Total 14.76 38.51 47.35 84.60 
Runoff, mm, 1995 
Parameter MCll MC18 MMll MM18 
Mean:!: 2.50(±O.51) b 4.55(±O.69) a 2.80(±O.59) b 43.62(±O.66) a 
Total 135.14 245.71 151.23 195.52 
t total erosive precipltaucm from which runoff volumes were measured; :I: treatments mean differences 
compared by row; similar letters are not sigmficantly different at 95% probabihty by Fisher LSD test 
and Scheffe F test; standard erroc in ocackets. 
Table 9.4. Plant population density in 1994 and 1995, agricultural treatments. 
Treatment 
MA6 
MAll 
MA18 
MCll 
MC18 
MMll 
MM18 
MA6 
MAll 
MA18 
MCll 
MC18 
MMll 
MM18 
1994 
Maize Canavalia 
Plants ha" 
29687 
27486 
28831 
28876 
29901 
24145 
28765 
1995 
Plants ha" 
20216 
20658 
20082 
20024 
19841 
19998 
21786 
44360 
47186 
46681 
44872 
Mucuna 
55681 
53096 
65110 
64632 
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Statistical analyses performed on results from 1995, comprised a two-way (for cover 
and slope) analysis of variance and the paired t test. These show that mean differences 
in runofffrom MM18 and MCl8 were statistically significant (at 99% level) and that 
both were different from MA18 (at 99% level). However, both MM18 and MC18 
were not significantly different from either MAll or MA6. Similarly, runoff means 
from MMll and MCll were ranked as no different from one another, but were 
statistically different from their maize as a single crop counterpart on an 11 deg slope, 
MAIL Both MMll and MCll have smaller means that are significantly different 
from that of MA6. 
In order to attain a relatively standard method for comparing two years with different 
rainfall characteristics, the ratio between rainfall precipitation and the corresponding 
measured runoff, or runoff coefficient was computed. A summary of the results is 
presented in Table 9.5 below. Among the cover crop treatments, MM18 achieved the 
highest values in 1994 with a mean (Rc=28%) similar to that of MA18 (32%). In 
contrast, on the same slope (18 deg) Canavalia produced a lower mean runoff 
coefficient (12%) which was only matched by that of MMll (13%). At the lower end 
was the runoff coefficient for MCll with a mean (5%) which was even smaller than 
that ofMA6 (10%). 
In 1995, the mean runoff coefficient for MC18 (17%) was higher than the mean 
coefficient for MM18 (14%), but the differences were not statistically significant. 
Both cover crop treatments had similar minimum and maximum Rc values on an 18 
deg slope. The mean runoff coefficients for MM11 and MC11 were both similar (8.7 
and 8.6%), but MC11 had a higher maximum value. In 1995, runoff coefficients from 
treatments of protection were always smaller than those of maize as a single crop 
planted on the same slope. 
The main difference between the 1994 and 1995 wet seasons for the Mucuna 
treatments is the plant density which was higher in the second year of the study (Table 
9.4). Thus, in the second year, Mucuna was more efficient in reducing the volume of 
runoff. It concurs with claims made by Nill and Nill (1993) who reported that runoff 
was statistically significantly lower in treatments of maize intercropped with cowpeas 
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compared with maize as a single crop. They reported that the most important 
difference between both treatments was attributable to the widespread and rapid 
growth of vegetative cover achieved by the intercropped cowpeas. 
The response of treatments to rainfaII input was not constant throughout the wet 
season of either year. In order to illustrate the variability of Rc during a rain season, 
the runoff coefficients obtained in 1994 and 1995 are plotted in Figures 9.1 and 9.2, 
respectively. Such variability in runoff coefficients should be reflected in variable soil 
erodibility according to KineII (1997). 
Table 9.5. Runoff coefficient from plots with maize and cover crops in 1994 and 
1995. 
1994 RcMCll RcMC18 RcMMll RcMM18 
Meant 5.46 12.04 13.16 27.99 
Standard Error ±O.70 ±2.1O ±2.80 ±4.80 
Median 4.84 12.87 12.28 34.98 
Minimum 0.69 0.60 1.88 0.34 
Maximum 12.37 28.85 40.48 58.23 
1995 RcMCll RcMC18 RcMMll RcMM18 
Mean:!: 8.56 17.30 8.70 14.47 
Standard Error ±l.00 ±l.91 ±l.24 ±l.50 
Median 4.85 14.24 5.03 9.47 
Minimum 0.00 2.55 0.00 2.60 
Maximum 26.54 45.05 43.46 45.89 
tn = 15; to= 54 
RUNOFF AND SOIL LOSS FROM PROTECTION TREATMENTS 9.276 
Ramfall evelt 
/~~,<:"~-:: Hhn' k 0 
.. ::::::::~t ~"'<,..-$:1:';.' 
"* ttW~~ ,~~~<B< u ;-~~ 20 .. , ..... ;:, ,," 
," 
80 A~ ~:;-
40 
70 
tj< 
J 60 60 5 X ~ 
·0 
e so X 80 ~ § 40 X X X 100 ~ 1::1 e X 0 = 30 ~ ~ 120 20 
X 0 EH + X X EH !!J • ~ EH 140 10 i • • • • • • iI • 0 160 
28 66 70 125 129 133 134 136 137 139 145 147 149 153 154 
Days after pI,,'ull 
Figure 9.1. Runoff coefficients for maize intercropped with leguminous cover 
crops, and erosive rainfall in 1994. (symbols: hanging bar is rainfall; + MMI8, 0 
MMll, X MC18 and. MCll). 
In 1995, MCll had a similar response to that ofMC18 (Figure 9.4), but the Rc values 
of MC18 were always double those of MCI!. This type was also observed for the 
MM treatments, although the gap in response for each runoff event was less 
pronounced between MMll and MMI8. It is interesting to note, that around Julian 
day 266 (runoff event 39), the two MC treatments had a response to a medium 
intensity precipitation (18.8 mm) while MM had the same Rc value as for the previous 
days. This indicates that Mucuna had already developed good protection against 
runoff. 
In general, runoff coefficients in MM and MC increased in the second year of 
research which is understood to be an effect of higher precipitation falling in short 
intervals in 1995. A comparison of the mean Rc_MC values of 1994 and 1995 shows 
an increase of between 44 and 57% for the second year. However, the maize and 
Mucuna treatments gave lower Rc values (-34% and -48%) in the second year. 
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Figure 9.2. Rainfall and runoff coefficient from plots planted with maize and 
cover crops (A) plots established on an 11 deg slope and (B) plots established on 
an 18 deg slope, in 1995 (symbols: hanging bar is rainfall; + MMI8, 0 MMlt, X 
MC18 and. MClt) 
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Increased Rc values for MC during the second year are considered to reflect the 
relatively poor response of the cover crop in coping with the high amounts of rainfall 
that occurred continually in 1995. It is thought that this poorer response could reflect 
the disease "damping-off' developed by some plants of Canavalia within a month of 
the planting date. Damping-o ff is caused by a fungi of the genus Phytium 
(Alexopolus, 1962). The disease was probably triggered by the excess of water from 
frequent rains in the early stages of development of Canavalia. In order to eliminate 
variability within the experiment, all affected plants (which accounted for less than 
10% of the total popUlation) were removed, and replaced with plants from the 
surrounding area, and, in addition, seeds were resown to secure the pre-determined 
population. In a count of plants carried out later on the season (Table 9.4) there was 
no evident difference with regards to the population of the previous year, although the 
replacement plants were slightly less well developed. 
In contrast, lower Rc values for MM in the second year are understood to be caused 
by improved efficiency of Mucuna in reducing the volume of runoff escaping from 
the plots even in a situation dominated by higher precipitation rate. This could be only 
explained by the higher rates of biomass that Mucuna achieved at the early stages of 
development in 1995. Sims and Walle (1995) found, in an experiment carried out at 
El Zamorano, Honduras, that Canavalia was faster to germinate than Mucuna and that 
it had greater initial growth. They attributed such an ability of Canavalia to be a result 
of its bigger seeds and natural ability to germinate and grow. However, they reported 
that within 60 days of planting, Mucuna had outgrown Canavalia and produced 
greater amounts ofbiomass (Figure 2.6, Chapter 2). In the current experiment Mucuna 
produced larger amounts of biomass as compared to those of Canavalia. 
Cumulative runoff for 1995 from plots protected with the cover crops is presented in 
Figure 9.3. In general terms, the response to rainfall from the cover crops treatments 
showed similar trends to those registered under the maize alone treatment. 
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Figure 9.3. Cumulative rainfall and runoff from the plots planted with maize and 
cover crops in 1995 
From Figure 9.3 it can be observed that both treatments established on the steepest 
slope (MM18 and MC18) produced higher runoff volumes and had proportionally 
larger increments with each rainstorm than those on intermediate slope (MM 11 and 
MC11). Around Day 80 after the planting date, the precipitation fell almost on a daily 
basis, causing a sharp increase in the cumulattve values of both runoff and rainfall 
Although the cover treatments on the intermediate slope (MMll and MCll) also 
responded to the surge in rainfall, this was to a lesser degree than that registered by 
the steepest slope. 
The treatments including Mucuna and Canavalta on an 18 deg slope produced similar 
values up to Runoff event No. 13, after which the MC18 treatment had higher runoff. 
This implies that in 1995 the Mucuna plants, in comparisons with the previous year, 
started to provide protection faster than Canavalia. The vegetative canopy of Mucuna 
grew faster in year two than the canopy of CanavaIia and it provided protection by 
increasing interception of rain water and reducing the impact of raindrops directly on 
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the soil surface. Higher infiltration as a result of improved surface soil characteristics 
because of reduced soil compaction is a possible explanation for reduced runoff. 
Triomphe (1996) reported increases in steady state infiltration in soil under Mucuna. 
In addition a layer of litter was observed under the canopy of Mucuna and this was a 
particular characteristic of this treatment. This will have increased the time of contact 
between the rain water and soil surface thus reducing the volume of runoff escaping 
from the plots. Increase in surface roughness as a result of crop development is often 
associated with reduced overland flow (McIsaac and Mitchel, 1992; GilIey and 
Kottwitz, 1995). NilI and NilI (1993) reported that adding mulch on top of the soil 
surface resulted in reduced runoff and increased infiltration rates. 
During most of the 1995 wet season, contrary to what was observed in 1994, runoff 
from treatments of maize intercropped with Mucuna was only rarely higher than other 
cover crop treatments. However, towards the end of the season, both of the treatments 
of maize intercropped with Mucuna showed a higher response compared with those of 
Canavalia. After event No. 42, the runoff from treatment MMll was often higher 
than the runoff from MCll. A similar behaviour was observed in MM18, which 
towards the end of the season produced similar runoff values than MCI8. The most 
noticeable examples are runoff events 35, 45, 48, 49,50, and 52. In all these cases, 
rainfall was greater than 15 mm and the intensity was around 20 mm h·1• These runoff 
events were registered after the Mucuna plants had almost totally covered the soil 
surface. This situation represents either a gain in the capacity to intercept the rainfall 
by Canavalia at six months after planting or a change in the performance of Mucuna. 
The latter case is considered to be the most plausible reason to explain the increase in 
runoff from Mucuna plots. 
It was observed that MMll presented larger surface cover than MCll. Around 5 
months after planting the cover crops, it was observed that the canopy of Mucuna 
plants was so dense, creating successive layers of leaves, that an important proportion 
of the rain literally flowed on top of the canopy without reaching the soil surface. The 
vines of Mucuna were densely interwoven and entangled with the maize stalks, thus 
acting as an impermeable mulch. Shed leaves of Mucuna were observed to lie flat on 
the soil surface. This acted as like "tiles on a roof' preventing water from reaching the 
I. AREV ALO-MENDEZ 9.281 
soil surface. It is considered that a late stages of development of Mucuna plants, an 
important proportion of the rain water moves on top of the leaves reducing contact 
with the soil and increasing the volume of runoff at the lower end of the plot This 
effect is similar to that achieved by laying a plastic fIlm on the soil surface (Opara-
Nadi, 1993) and to a situation described by Bunch (1994, personal communication) 
when maize was intercropped with Mucuna in an experiment carried out in the north 
of Honduras. 
As a counter of all this, it was observed that Mucuna's layered canopy shed many 
leaves as the season progressed. This litter is thought to have increased resistance to 
overland flow as well as reducing the impact of raindrops. In experiments elsewhere, 
artificial mulch has been reported to be efficient in reducing the production of 
overland flow (Sur et aI., 1992; Siebert and Lassoie, 1991; Savabi and Stott, 1994). In 
addition, the development of the crop itself helps increase water infIltration where 
roots and stems (live or dead) break the compacted pan layer or superficial crust 
(Farres and Muchena, 1996; Ghidey and Alberts, 1997). 
In short, the most important mechanisms determining the runoff response to rainfall 
are: a) improved soil physical characteristics expressed as increased infIltration 
capacity (determined by roots and other biotic activity); b) increased rainfall 
interception by vegetative canopy; and c) increased surface roughness as a result of 
the increased amount of litter and plants stalks. 
9.1.1 Erosivity Indices and Runoff from Protected Treatments 
In order to establish the best model for predicting runoff from cover crops, data of 
1995 were used because that year offers a wider spectrum of rainfall and erosivity 
parameters than 1994. The data were divided into two parts which coincide with the 
two normal stages before and after the canicula dry spell. The pre-canicula period 
runs from the beginning of June until 16th July when the dry spell starts. The post-
canicula period starts in August and ends with the last runoff event in October. 
Results of the simple linear regression models for predicting runoff and their 
corresponding correlation coefficients are presented in Table 9.6 for the whole wet 
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season and in Tables 9.7 and 9.8 for pre- and post-canicula periods. Plots showing the 
scatter of runoff as a function of the erosivity indices are shown in Figures 9.4. 9.5. 
9.6 and 9.7 for MCll. MCI8. MMll and MMI8. respectively. 
When taking the season as a whole, the response of treatments of protection seem to 
be a function of the slope at where they were established. These treatments 
established on an 11 deg slope were better described by Pbo. whilst the treatments on 
an 18 deg slope were best correlated with the erosivity index Ebo (Table 9.6). 
However. runoff from all treatments was regarded as highly correlated with a rainfall 
index. But the proportion of "explanation" ranged between 45% and 82%. The lower 
correlation coefficients involved I and boo Second to none in MCl8 and MM18 was 
rainfall precipitation. P. As a comparison. precipitation was the most important 
predictor for maize as a single crop (Chapter 8). This implies that. for treatments 
benefiting from the protection of Mucuna and Canavalia. the amount of rainfall alone 
is not enough to cause and. hence. explain runoff. and that particular characteristics of 
rainfall energy are responsible for producing runoff. Such rainfall energy is 
measurable either as the product of rain and 30 min intensity. PhD. or the erosivity 
index. EI~'. This also implies that MM and MC increase overland flow resistance (by 
indirectly changing the status of the soil surface). 
Rainfall characteristics vary during the wet season (as explained in Chapter 6) and 
thus the response of the treatments should be analysed accordingly. i.e. separating the 
wet season. During the pre-canicula period the runoff from all treatments was highly 
correlated and at a higher level than when analysing the season as a whole (lowest r 
was 0.77 and highest was 0.95) (Table 9.7). For this period. MC treatments are better 
explained by the maximum rainfall intensity boo and less well correlated with P. MC 
treatments are much closer to MA than to MM treatments in terms of their response to 
erosive parameters. MM treatments were highly correlated to all erosivity indices. 
although there is a tendency for those indices integrating kinetic energy and 30 min 
maximum intensity to be more efficient in describing runoff. 
During early stages of development. the response of cover crops to rainfall is 
goverued by the erosive characteristIc of rains. rather that by the pure amount of rain 
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itself. It is possible, that at early stages of development, Canavalia and Mucuna are 
unable to reduce the effect of rains but that situation is changed by the time the 
canicula starts. Given the high amounts of rain delivered prior to the canicula, the 
plants continued to grow denser and increased the amount of vegetative canopy and 
litter covering the soil surface. This situation in conjunction with changes in rainfall 
characteristics were important in derming the response of cover crops during the post-
canicula period. 
In general terms, the goodness of fit decreased between pre- and post-canicula periods 
as a result of changes in rainfall characteristics and the increased growth and 
development of cover crops. The slope of the linear regression models also decreases 
during this period, indicating that the treatments were less susceptible to the erosive 
effects of rainstorms. Contrary to pre-canicula period, rainfall amount was the most 
important single predictor of runoff from all treatments of protection during the 
second part of the wet season (Table 9.8). The post·canicula period was dominated by 
rainstorms with time intermittent, time delayed and time advanced patterns, which all 
tended to deliver higher amounts of rainfall during this period (Chapter 6, section 
6.5.1). The second most important index was the product Pho (with the exception of 
MM 18). Ranking left I as the least important (in fact, it was not sigmficant at all in 
three out of four cases). This is because there were relatively high runoff figures under 
low intensity rains. The reason for such cases is the type of rainstorm. The effect of 
time delayed and time intermittent patterns is to reduce initially high infiltration 
capacity (sorptivity) by low-intensity precipitation, and follow it by a heavy burst. At 
the time the second burst occurs, the soil is partially saturated and unable to infiltrate 
the rainwater quickly. It also lacks surface storage leading to runoff (c.t: Carson and 
Kirkby, 1972). 
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Table 9.6. Simple linear regression models and correlation coefficients (r) of 
runoff and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. Complete wet season. 
Complete season 
Treatment Index Slope of S.E. t Intercept r Sign. :j: 
line 
± 
MCn P,mm 0.142 0.018 -0.894 0.729 *** 
MCll P~,mmJh" 0.003 0.0004 0.409 0.735 *** 
MCn I, mm'h l 0.114 0.032 0.937 0.448 *** 
Mcn I,., mOll hi 0.162 0.028 -1.204 0.621 *** 
MCn El kJ mmm'h' 0.099 0.013 0.584 0.726 *** 
.. ' 
MCn KE", kJ mm m' h' 0.007 0.001 0.675 0.676 *** 
MC18 P,mm 0.193 0.025 -0.120 0.726 *** 
MC18 PI,." mml h-t 0.004 0.0005 1.499 0.771 *** 
MC18 I, mm'ho1 0.196 0.040 1.808 0.564 *** 
MC18 I,..,. mm'h-t 0.263 0.033 -1.523 0.738 *** 
MC18 EI,., kJ mm m' h' 0.144 0.016 1.705 0.774 *** 
MC18 KE", kJ mmm'h' 0.011 0.001 1.738 0.747 *** 
MMll P,mm 0.162 0.022 -1.084 0.713 *** 
MMll P~,mm'h" 0.003 0.0004 0.384 0.726 *** 
MMll I, mm'h-l 0.140 0.036 0.885 0.470 *** 
MMll ~,mm'h' 0.191 0.033 -1.581 0.628 *** 
MMll E~, kJ mmm4 h"' 0.115 0.015 0.572 0.722 *** 
MMll KE", kJ mmm'h' 0.009 0.001 0.648 0.681 *** 
MM18 P,mm 0.185 0.024 -0.799 0.725 *** 
MM18 PIJO' mm'h ' 0.004 0.0004 0.617 0.806 *** 
MM18 I,mm'h
' 
0.188 0.038 1.041 0.565 *** 
MM18 ~,mmlh-t 0.251 0.032 -2.131 0.736 *** 
MM18 El .. , kJ mm m' h' 0.145 0.014 0.803 0.815 *** 
MM18 KE", kJ mmm'h' 0.011 0.001 0.839 0.786 *** 
t SE.= Standard error; * Stallstical significance for n = 54: r ~ 0.266 at p = 005 and r ~ 0 348 at p = 
001; *** significant at p = 0.01, ** = significant at p = 0 05, ns = not signIficant 
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Table 9.7. Simple linear regression models and correlation of coefficients (r) of 
runoff and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. First I!art of wet season. 
Pre-canicula period 
Treatment Index Slope of S.E. t Intercept r Sign. * 
line ± 
MCll P,mm 0.173 0.029 -0.713 0.846 *** 
MCll PI,.., mm'h"' 0.003 0.0003 0.680 0.918 *** 
MCll I, mm'h-l 0.134 0.020 -0.372 0.876 *** 
MCll I mm'h ' .. ' 0.162 0.017 -1.852 0.930 *** 
MCll EI,o, kJ mm m4 h'" 0.083 0.001 0.826 0.919 *** 
MCll KE", kJ mmm4 h4 0.006 0.001 0.529 0.925 *** 
MC18 P,mm 0.317 0.057 -1.272 0.829 *** 
MC18 PI mm'h' 30' 0.005 0.001 1.208 0.915 *** 
MC18 I, mm'b ' 0.233 0.044 -0.349 0.815 *** 
MC18 I", mm' h.J. 0.310 0.027 -3.744 0.951 *** 
MC18 El,., kJ mm m4 h" 0.155 0.019 1.498 0.912 *** 
MC18 KE", kJ mmm"h' 0.011 0.001 1.044 0.897 *** 
MMll P,mm 0.230 0.051 -1.903 0.772 *** 
MMll PI mm'h" ", 0.004 0.001 -0.143 0.865 *** 
MMll I, mm2 h l 0.185 0034 -1.606 0.828 *** 
MMll 1,0, mm'b-l 0.221 0.034 -3.550 0.865 *** 
MMll EI,., kJ mm m4 h" 0.115 0.00002 0.045 0.869 *** 
MMll. KE", kJ mmm4 h" 0.008 0.001 -0.286 0.854 *** 
MM18 P,mm 0.329 0.047 -2.420 0.882 *** 
MM18 PIlO, mm'h ' 0.005 0.0005 0.468 0.944 *** 
MM18 I, mm'h-l 0.229 0.043 -0.971 0.821 *** 
MM18 ~,mm'hl 0.287 0.037 -3.783 0.902 *** 
MM18 El,., kJ mmm4 h' 0.155 0.019 0.745 0.912 *** 
MM18 KE", kJ mmm4 h' 0.011 0.001 0.319 0.922 *** 
t S.E.= Standard error; :j: StatistIcal sigmfic.1Ilce for n = 16; r ~ 0482 at p = 0 05 level; r ~ 0.606 at p = 
0.01 level; *** sigmficant at p = 0.01, •• = slgmficant at p = 0.05, ns = not sIgnificant 
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Table 9.8. Simple linear regression models and correlation of coefficients (r) of 
runoff and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. Second part of wet season 1995 
Post-callicula period 
Treatment Index Slope of S.E. t Intercept r Sign. t 
line ± 
MClt P,mm 0.138 0.023 -1.146 0.715 *** 
MClt PI,., mm'h" 0.003 0.001 0.261 0.677 *** 
MClt I, mm'h-l 0.142 0.084 1.020 0.272 ns 
MClt ~,mm2hl 0.181 0.050 -1.318 0.518 *** 
MClt EI,., kJ mm m4 h' 0.115 0.021 0.366 0.674 *** 
MClt KE kJ mmm4 h' ", 0.009 0.002 0.473 0.619 *** 
MC18 P,mm 0.169 0.026 -0.110 0.740 *** 
MC18 PI30, mm'b-l 0.004 0.001 1.738 0.666 *** 
MC18 I, mm2 h l 0.215 0.096 2.154 0.349 *** 
MC18 I mm'h l ,., 0.235 0.056 -0.608 0.571 *** 
MC18 EI,., kJ mmm4 h' 0.133 0.025 1.870 0.660 *** 
MC18 KE", kJ mm m4 h' 0.011 0.002 1.931 0.624 *** 
MMll P,mm 0.148 0.024 -0.977 0.712 *** 
MMll P~,mm2b" 0.003 0.001 0.618 0.649 *** 
MMll I, mm'h" 0.149 0.090 1.378 0.266 ns 
MMll ~,mm2h" 0.193 0.054 -1.137 0.512 *** 
MMll El,., kJ mm m4 h' 0.118 0.024 0.743 0.641 *** 
MMll KE", kJ mmm4 h' 0.010 0.002 0.781 0.610 *** 
MM18 P,mm 0.156 0.025 -0.732 0.727 *** 
MM18 P~, mm:lh ' 0.004 0.001 0.808 0.703 *** 
MM18 I, mm'h' 0.168 0.092 1.652 0.289 ns 
MM18 ~,mm2hl 0.230 0.052 -1.436 0.591 *** 
MM18 EI,., kJ mm m4 h' 0.134 0.022 0.920 0.704 *** 
MM18 KE kJ mmm4 h' ", 0.Q11 0.002 0.982 0.664 *** 
t SE.= Standard error; * Stallstical sigmficance for n=38, r ~ 0.317 at p = 005 level; r ~ 0.408 at p = 
0.01 level: ••• sIgnificant at p = 0.01, •• = significant at p = 0 05, ns = not sIgnIficant. 
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Figure 9.4. Effect of erosivity indices on runoff from Mell. (symbols: • pre-
canicula period, and opost·canicula period). 
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Most of the linear models show a lower slope for the second part of the wet season. 
This indicates a reduction in the effect of rainfall in producing runoff and. thus. a need 
for higher precipitation to sustain runoff. This occurs in spite of the fact that rainfall 
amount is the best single predictor of runoff for all protection treatments, For maize 
intercropped with Mucuna during the pre-canicula. larger values of rainfall (between 
7 and 8 mm) were required to start runoff as compared with maize intercropped with 
Canavalia (4 mm). The largest variation between sub-seasons was produced by 
MCII. in which case, the required minimum threshold to start runoff was increased 
by a 107 % in the second season. This is because of an increase in the ability of the 
Canavalia plants to impede runoff through an increase in flow resistance and the 
encouragement given to the development of micro-terraces in the soil surface. 
9.1.2 Multiple regression for predicting runoff 
Following a similar approach to that developed for achieving a holistic explanation of 
runoff from maize as a single crop (Chapter 8). a multiple regression analysis was 
performed using the following set of independent variables: individual rainstorm 
precipitation. p. ho'. the antecedent moisture index (AMI) and days since planting 
date (DAP). Data for 1995 were used (Table 9.9). However. the factor with higher 
potential to be incorporated. as given by the value of the partial correlation 
coefficient. was storm precipitation for all instances. Similarly to results obtained for 
maize as a single crop. the goodness of fit increased in most treatments of protection 
when the multiple regression incorporated the new factors and in comparison with 
simple regressions using the erosivity indices and the season as a whole. 
It is important to note that. contrary to what was obtained in analysis of maize as a 
single crop. the effect of plant age (days after planting date) had a inverse and 
decreasing effect on the production of runoff. This is considered to give validation to 
the argument that cover crops act as protection by reducing the amount of runoff. 
Such a protective effect is known to increase as the season progresses (Bunch. 1994; 
Quiroga et aL. 1993; Flores. 1993). The AMI index gave the lowest contnbution 
according with the analysis of variance of regression coefficients and it shows a 
tendency to reduce the effect on the production of runoff. This implies that the effect 
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of soil moisture is associated with the reduction in the production of runoff from 
treatments of protection. 
Table 9.9. Multiple regression analysis for predicting runoff from treatments of 
protection from rainstorm precipitation, 30 min intensity, antecedent soil 
moisture (AMCMC and AMCMM) and number of days since planting date 
(DAP). 
P 130, DAP AMCMC " 1nl. t Multiple r Sign. :j: 
mm mmh·1 dars 
MCn 0.114 0.0586 -0.0059 -0.7303 -2.399 0.760 *** 
S.P: ± 0.026 0.035 0.0001 0.013 5.824 
MC18 0.123 0.148 -0.0065 -2.335 3.14 0.804 *** 
S.E± 0.032 0.044 0.0001 0.750 7.246 
Runoff P IJo DAP AMCMM 1nl. t Multiple r Sign. :j: 
MMll 0.129 0.081 -0.0004 -4.150 5.776 0.756 *** 
S.E± 0.030 0.042 0.0001 0.389 6.688 
MM18 0.119 0.140 -0.0099 -0.325 -2.165 0.811 *** 
S.E± 0.030 0.0042 0.0001 0.391 6.692 
t Intercept of line; * Sign. = statistical significance foc d f. =53. (r> 0 266 at 5% and r > 0.348 at 1%); 
••• significant a199%; .. SE. = standard error of coefficient. 
However. given the fact that the increase in the coefficient of correlation for the 
multiple regression is just 8% over that using precipitation as the sole independent 
variable. and given the problems of obtaining the rest of the variables used, it is 
suggested that it would be pragmatic to use only precipitation as the estimator of 
runoff. This argument is sustained by the fact that. when the effect of rainfall on 
runoff was analysed for the pre- and post-canicula sub-seasons. the simple correlation 
coefficients were higher than the multiple correlation coefficient. 
Nevertheless. multiple correlation indicates that around 60% of the variation in runoff 
is explained by non-rainfall variables. Such factors include: a) dynamic changes in 
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surface roughness and infiltration capacity throughout the season in response to 
changes in both surface roughness and seaIing/compaction and in response to 
increased soil organic matter (c.r. Parsons et aI., 1990; Profitt et al., 1993; Reyes et 
al., 1995; Fiannagan and Nearing, 1995; Abrahams et al., 1996; Ghidey and Alberts, 
1996); b) actual above-surface coverage and water interception by the legumes and 
the main crop as the season progressed (Morgan et al., 1984; Hall and Calder, 1992; 
Farres and Muchena, 1996); c) the effect of wind which could add energy to the 
raindrops (Free, 1960; La!, 1988a); d) soil and water temperature which can affect the 
rate of infiltration and velocity of runoff (Emmett, 1970; Mutchler et aL, 1988).; e) 
experimental error - uncertainty about and within variables not measured in the 
research (Hession et al., 1996) 
9.1.3 Runoff from Protected against Unprotected Treatments 
In order to achieve a general understanding of the level of protection given by 
leguminous cover crops, the relationship between each protection treatment was 
established against the worst management practice: i.e. maize as single crop on an 11 
deg slope and on an 18 deg slope. Comparison between maize and Mucuna and maize 
as a single crop is presented in Table 9.10. The last column on the right side of Table 
9.10 gives information on the expected runoff for each treatment when the runoff 
from MA18 is 10 mm. Using this information. it is evident that, in 1994, the levels of 
response from the MM treatments were close to those of MA. But for 1995, the level 
of protection gained by increases in plant population. helped reduce the volume of 
runoff escaping from the MM plots. For each slope and treatment a reduction of 
around 50% in expected runoff occurred between 1994 and 1995. 
The corresponding relation between the runoff measured from the MAl8 treatment 
and those from treatments having maize intercropped with Canavalia is also 
summarised in Table 9.11. Both years yield highly significant coefficients of 
determination. In 1994 the response of MC treatments was between 10 and 40% that 
ofMA18, as is indicated by the right-most column showing the expected runoff. 
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Table 9.10. Runoff predicted by linear regression models for treatments 
protected with Mucuna (MMll and MMI8) and predicted by that from MAI8. 
Year MA18 slope, Intercept r' Runoff,mm t 
Treatment mm RnfMA18=10 
mm 
1994:1: 
MMll 0.655 -1.072 0.586 ** 5.48 
MCll 0.098 0.346 0.705 *** 1.33 
MM18 0.907 -0.212 0.960 *** 8.86 
MC18 0.451 -0.341 0.673 *** 4.17 
1995iF 
MMll 0.392 -0.713 0.743 *** 3.28 
MM18 0.475 -0.087 0.756 *** 4.66 
MCll 0.348 -0.621 0.802 *** 2.86 
MC18 0.464 0.354 0.766 *** 4.99 
t computed runoff when the runoff from MA18 is 10 mm; * 0=15; ~ 0=54; *** highly sIgnIficant at 
the 99% level. 
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It was considered to be better to perform separate analysis for each sub-season in 
1995. The results are presented in Figures 9.10 and 9.11, and the linear regression 
models for predicting runoff are summarised in Tables 9.11 and 9.12. 
When runoff from MM 11 is zero, runoff from MAll 0.95 mm in both sub-seasons. 
However, a major difference is the reduced slope on the line corresponding to the 
second sub-season which suggests a reduction by 35% on the predicted runoff (right 
most column of Table 9.11). 
Table 9.11. Linear regression models of runoff from MMll and MCll as 
predicted by the runoff fromMAll divided in two sub-seasons in 1995. 
Runoff by MAll Intercept r':j: Runoff, mm t 
Treatment/sub coefficient, mm (RnfMAll=10mm) 
-season 
MM11·I R 1.1096 -1.055 0.815 *** 10.04 
MM 11·2nd 0.7192 -0.683 0.791 *** 6.51 
MC11·1st 0.8281 -0.0578 0.969 *** 8.22 
MC11·2nd 0.6779 -0.9098 0.816 *** 5.87 
t value of runoff when runoff fromMAl1 is IOmm; * I": n=l6, r'~.388 at the 0.01 level; 2rn1: n=38, 
r'~.162 at the O.ot level; •• * SIgnificant at the 99% level. 
Runoff from MAll is 0.10 mm and 1.34 mm when the runoff from MCll is zero in 
the ftrst and second sub-season, respectively. This indicates that the characteristics in 
soil surface and cover had changed on the second sub-season thus reducing the initial 
response on MC 11. 
The relationship between MA18 and MM18 and MC18 in either sub-season was 
always highly correlated (Table 9.12). 
As a result of the added cover given by the Mucuna plants, MM18 only generates 
runoff when MA18 has already produced 1.38 mm in the ftrst part of the season, and 
4.59 mm in the second part. Similarly, Canavalia will only start to run off when 
MA18 has produced 6.55 mm in the ftrst part of the season, and 5.13 mm in the 
second. 
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Table 9.12. Comparison of runoff from MM18 and MC18 against that from 
MAI8, divided in two sub-seasons in 1995. 
Runoff by MA18 Intercept r':j: Runoff,mm t 
Treatment/sub- coefficient, mm (RnIMA18=10mm) 
season 
MMI8-1" 0.8126 -0.5878 0.931 *** 7.54 
MM 1 8-2"" 0.4086 -0.0890 0.929 *** 3.20 
MC18-1st 0.8533 -0.1302 0.978 *** 8.40 
MC18-2nd 0.4218 -0.0823 0.881 *** 4.14 
t value of Runoff when runofffromMAI8 is 10mm;:I: I": n=16, r2~ 388 at the 0 01 level; 2"': n=38, 
~.162 at the 0 0\ level; *** significant at the 99% level. 
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9.2 Soil loss from protected agricultural treatments 
In 1994, Mucuna and Canavalia showed different behaviour in protecting the soil 
from the erosive effect of rains. Soil loss from MM18 was 6.5 times larger than that of 
MC18, while MM11 had a total soil loss 8.7 times larger than that of MC11. 
Canavalia plants developed well, under a relative dry climatic condition, as the 
species is better adapted to a less favourable environment (Bude et al., 1992). 
Mucuna plants were less effective than Canavalia plants during the first year of 
experimentation. This was caused by a poor initial growth of Mucuna plants which 
was further affected by the drier conditions prevalent during the 1994 season - total 
rain was 33% lower than the average. This resulted in maize and Mucuna being 
significantly more susceptible to soil erosion as compared to maize and Canavalia 
treatments. The slope of land also had an important effect as sediment yields were 
increased between 4 and 6 times as a result of passing from an 11 deg to an 18 deg 
slope. 
The following sections present results and discussion about the soil losses measured 
from treatments that involve maize intercropped with either Mucuna or Canavalia on 
11 or 18 deg slopes. Actual event-by-event data are presented in Tables 9.1 and 9.2 
for data corresponding to 1994 and 1995, respectively. A summary of statistical data, 
for both 1994 and 1995, is presented in Table 9.13 below. As a result of differences in 
rainfall, soil losses in 1994 were much lower than those occurring on 1995. However, 
the treatments bearing cover protection suffered less soil losses as compared to those 
treatments with maize as a single crop. 
The situation described above for 1994, changed dramatically during 1995. Mucuna 
plants were growing right at the beginning of the season from seeds left on the field 
by the previous year's plants. The soil was literaUy covered with Mucuna plants while 
hand preparation was being carried out. Most of these volunteer seedlings were 
removed in an effort to start the 1995 experiment with plants seeded directly. 
Total soil losses in 1995 were similar for treatments of maize with either cover crop, 
although those with Canavalia delivered between 8% to 18% more soil than those 
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with Mucuna. A comparison of mean values of soil losses within a cover crop 
treatment shows that the slope of land has a significant impact on producing sediment 
in both cover crops. Differences among treatments with cover crops on a similar slope 
are not statistically significant (ie. losses on MCll are similar to those ofMMll, and 
losses from MC18 are similar to those ofMMI8). 
Table 9.13. Analytical summary for soil losses measured from the plots planted 
with maize and cover crops. 1994 and 1995. 
Soil loss, kg m·' 
1994 MClt MC18 MMlt MM18 
Mean:j: 0.001 (±O.OOI)b 0.008 (±O.003)a 0.012 (±O.OOS) b 0.OS2 (±O.020) a 
Total 0.020 0.119 0.174 0.774 
Soil loss, kg m·' 
1995 MClt MC18 MMll MM18 
Mean:j: 0.143 (±O.066) b 0.444 (±O.IS3) a 0.116 (±O.069) b 0.410 (±O.IS9) a 
Total 7.737 24.00 6.278 22.117 
t total erosive precipitation from whIch SOIl losses were ongmated; * treatments mean dIfferences 
compared by cover crop and row; simIlar letters are not sigmficantly dIfferent at 95% probablltty by 
Fisher LSD test and Scheffe F test. 
Maize intercropped with either Mucuna or Canavalia gave similar responses in terms 
of soil loss on either of the land slopes where they were planted. (Figure 9.12). Both 
MC18 and MM18 show very similar trend during the fIrst 33 days of the experiment; 
then during a period of SO days, soil losses in MM18 are lower than those in MCI8. 
But around day 86 after planting date, the response of MMl8 increases rather sharply 
and nearly reaches the cumulative value of MCI8. This was caused by runoff event 
No. 23 on 16th August 1995, a rainstorm of30 mm. 
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Figure 9.12. Cumulative soil losses as measured from maize intercropped with 
Mucuna and Canavalia during the 1995 rain season. 
For treatments having cover crops, the main soil losses occur during the fust third of 
the rain season. During the first 47 days of the experiment, the cumulative soil losses 
in MC18 and MM18 are 69% and 67% of the season total, respectively. Meanwhile, 
for the same period, the cumulative soil losses of the MA18 treatment are only 42% 
and continue to increase through the season and quite probably after the harvesting 
date. There were three initial erosive events which caused significant soil losses in 
MC18 and MM18, although these were between 10% and 40% smaller than the 
corresponding losses measured on MA18 for the same events. Apart from these three 
cases, no other events showed the same degree of similarity of response on the 
steepest slope. 
On a seasonal scale, the total soil losses from MM18 and MC18 are 43% and 47% 
that of MA18. The implication of this analysis is that even if the soil losses are not 
totally reduced, it is possible that, by using cover crops, the workable life span of land 
for agriculture is potentially at least double when compared to where maize is 
cultivated as a single crop. In addition, the main crop would benefit from increased 
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nitrogen fIXation or improved soil characteristics as a result of added organic matter 
and increased microbiological activity (Quiroga, 1993). 
9.2.1 Effect of cover crop and slope angle on soil loss 
In order to achieve a more detailed analysis on the effect of cover crops in reducing 
soil losses, comparisons between maize as a single crop and those treatments 
incorporating cover crops were made. Results are presented in Figures 9.13 and 9.14 
for data corresponding to 1994 and 11 and 18 deg slopes, and in Figures 9.15 and 9.16 
for data in 1995. 
In 1994, the slope of regression for MAll vs. MM11 indicates a ratio of 1 to 1.6 
(Table 9.14; Figure 9.13). This was not the case for MCll where soil loss was not 
significantly correlated to that in MA 11 (r2 = 0.048). The association between soil 
loss measured in 1994 from MA18 and from MM18 and MC18 was high (Table 9.14; 
Figure 9.14), but indicates a relationship of 1 to 0.9 for MA18 vs. MM18, while it 
becomes 1 to 0.1 for MA18 vs. MC18. 
Table 9.14. Linear regression models for soil losses in treatments protected with 
Mucuna (MMll and MMI8) as predicted by the soil loss from MAll or MAI8, 
1994. 
Treatment 
MM 11 
MC 11 
MM18 
MC18 
MAll, kg m" 
1.6035 
0.0422 
MAI8,kgm" 
0.8851 
0.0999 
Intercept r' 
0.0004 0.728 *** 
0.0001 0.0484 ns 
Intercept r' 
0.0004 0.7994 *** 
0.0021 0.6095 ** 
t computed runoff when the runoff from MAI8 is 10 mm; * n=15, ••• SIgnificant at 99% probabihty 
level; ns = not signIficant. 
------- ._-----= 
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After observing that runoff differs in 1995 according to sub-season, soil losses were 
analysed accordingly. It is clear that for the fIrst part of the season the production of 
sediment in MMll and MCll is similar to that in MAIL This is sustained by the 
slope of the lines which indicates a ratio of 1:0.9 for MA11:MM11 and a ratio of 1:0.8 
for MAll :MC 11. These high ratios indicate low variability from one plot to another 
under different surface cover at early stages of development. However, after the 
season progressed, cover growth had a clear impact on reducing both runoff (Chapter 
9, Tables 9.10 and 9.11) and soil losses towards the second part of the season (Tables 
9.14,9.15 and 9.16). The rate of reduction in soil losses is indicated by ratios of 1:0.5 
in MM11 and 1:0.3 in MC11 for the second part of the season. These ratios clearly 
indicate that, contrary to the global ANOV A, soil losses from treatments with cover 
crops on an 11 deg slope were signifIcantly different than those losses recorded in 
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Table 9.15. Soil losses from treatments of protection in relation to soil loss from 
maize planted as a single crop on an 11 deg slope, in 1995. 
Soil loss by Treatment! MAll coefficient Intercept r' :j: 
sub-season kg m" 
MM11- I" 0,9106 -0.0565 0.956 *** 
MMl1-2,d 0,0525 +0.0061 0.412 *** 
MC11-l" 0.803 +0.0223 0.856 *** 
MC 11-2"" 0.311 +0,0028 0.890 *** 
* 1-; n = 16, r ~ 0,388 at a = 0,01; 2"": n = 38, r ~ 0,0,162 at a = 0,01; *** significant at 99% 
probabihty level 
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The linear regressions describing the relation between soil loss from MA18 and that 
from MCI8 and MMI8 are given in Table 9.16. In general, the results are similar to 
those observed for treatments in an 11 deg slope. Soil losses during the fIrst part of the 
season are described by a ratio of 1:0.8 between MAI8 and either MM18 or MCI8. 
But for the second part of the season, soil losses are drastically reduced by the effect 
of the cover crops. Soil losses in MMI8 and MC18 are 17% and 20% those ofMA18. 
The less signifIcant correlation obtained towards the second part of the season results 
from the reduced effect of rainfall in producing runoff and, hence, soil losses. 
Table 9.16. Soil losses in treatments of protection in relation to soil loss from the 
treatment of maize planted as a single crop in an ISdeg slope, in 1995. 
Soil loss by Treatment! MAIS coefficient Intercept r't 
sub-season kg m" 
MMI8-1" 0.7793 -0.1509 0.969 *** 
MM18-2od 0.1716 +0.0569 0.138 ns 
MCI8-1" 0.7760 +0.0037 0.963 *** 
MC18_2nd 0.2033 +0.0373 0.413 *** 
t I" season n = 16, 1 ~ 0.388 at a = 0.01; and 2nd season n = 38, r' ~ 0 162 at a = 0.01; ns = no'" 
1 significant; ••• SIgnIficant at 99% probability level. 
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The seasonal variation in the production of sediment from the protected treatments 
was evident after plotting cumulative values of soil losses from these against those of 
maize as a single crop. The data were separated into pre- and post-canicula sub-
seasons and plotted as double-mass curves (Figures 9.17 and 9.18). These plots show 
that, while the cover crops have not achieved a complete development, the rate of 
sediment yield is similar between treatments with or without protection. In this case, 
the slope of the line is close to 45 deg., which implies a relation close to unity. 
However, once the leguminous crops have achieved sufficient cover to reduce the 
impact of raindrops and the amount of water flowing over the soil surface, the slopes 
of the lines lie between 6 and 17 deg. This means that, for the second part of the 
season, the soil losses are gradually reduced down to some 30% of those obtained 
from the maize alone treatment. 
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9.2.2 Erosivity Indices and Soil Loss 
Simple regressions between soil losses from each treatment and erosivity indices were 
calculated. The corresponding coefficients of determination are presented in Table 
9.17 for maize intercropped with cover crops. Soil losses in each treatment are 
explained as a function of: precipitation, P, runoff, intensity, I, maximum 30 min 
intensity, ho, and erosivity indices Eho and PhD. 
According to results shown in Table 9.17, soil losses from treatments that included 
protection by cover crops were highly correlated (although to a variable degree) with 
the erosivity indices, taking the wet season as a whole. At this level, the best single 
predictor in all treatments is Hudson's KE25, although its correlation coefficient is not 
much higher than those obtained for E130 and P130. There is, however, greater 
likelihood of better correlation because it so happens that the events producing soil 
losses from treatments of protection are those for which KE25 can be calculated (see 
Table 6.3 in Chapter 6). At the same whole-season level, precipitation seems to be the 
least important erosivity index as given by the coefficient of correlation (r value 
between 0.334 and 0.498). This implies that the mere occurrence of rainfall and thus 
runoff is not enough to cause soil erosion from treatments benefiting from the cover 
crops. 
When soil loss response to the erosivity indices was analysed in two separate sub-
seasons, highly correlated relationships were obtained (Tables 9.18 and 9.19). The 
level of correlation is higher for data corresponding to the pre-canicula period 
(average r = 0.79) and falls by nearly 50 % for the post-canicula sub-season (average 
r = 0.38). This helps clarify the seasonal variation in the cover crop treatments' 
response to the erosivity indices by accounting for the development of extra cover 
provided by the leguminous crops. 
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Table 9.17. Simple linear regression models and correlation coefficients (r) of soil 
losses and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. Whole wet season. 
Whole season 
Treatment Index Slope S.E.± Intercept r Sign. t 
coefficient 
MCll P,mm 0.010 0.003 -0.1003 0.401 *** 
MCll Runoff,mm 0.060 0.016 -0.0072 0.461 *** 
MCll PI30, mm'b.J. 0.0004 0.0001 -0.1104 0.683 *** 
MCll ~, mrn'h ' 0.023 0.0035 -0.3832 0.675 *** 
MCll El,., kJ mm m4 h' 0.0132 0.0016 -0.113 0.743 *** 
MCll KE kJ mmm4 h" ", 1.0809 0.1234 -0.1349 0.772 *** 
MC18 P,mm 0.026 0.007 -0.1772 0.440 *** 
MC18 Runoff,mm 0.153 0.023 -0.2501 0.685 *** 
MC18 p~,mm2hol 0.0009 0.0001 -0.1902 0.736 *** 
MC18 I mm'h"' JO' 0.0616 0.0069 -0.9656 0.779 *** 
MC18 El kJ mm m4 h4 JO' 0.0327 0.00035 -0.1905 0.793 *** 
MC18 KE", kJ mmm4 h' 2.6677 0.2572 -0.2422 0.821 *** 
MMll P,mm 0.009 0.004 -0.0961 0.334 ** 
MMll Runoff,mm 0.047 0.015 -0.0164 0.405 *** 
MMll PI30, mm'h"" 0.0003 0.0001 -0.1175 0.601 *** 
MMll I rnm'b 1 ,., 0.0212 0.004 -0.3692 0.595 *** 
MMll El kJ mmm4 h' ,., 0.0124 0.0019 -0.1249 0.668 *** 
MMll KE kJ mmm4 h4 ", 1.072 0.1385 -0.1597 0.732 *** 
MM18 P,mm 0.029 0.008 -0.2740 0.498 *** 
MM18 Runoff, mm 0.160 0.025 -0.1691 0.678 *** 
MM18 PIJG, mm'b ' 0.0009 0.0001 -0.2294 0.717 *** 
MM18 ~,mm2h.J. 0.0577 0.008 -0.9114 0.706 *** 
MM18 El kJ mm m4 h4 ,., 0.327 0.0038 -0.2239 0.766 *** 
MM18 KE", kJ mmm4 h' 2.5594 0.3018 -0.2492 0.762 *** 
t StatIstIcal significance for n = 54: r ~ 0 266 at p = 0.05 and r ~ 0.348 at p = 0.01; ••• significant at p 
= 0.01, •• = Significant atp = 0.05, ns = not Significant. 
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For the pre-canicula period, EI30 is the most important single predictor of soil losses. 
However, the level of correlation is very much similar to that of Pho and KE25, and 
even to that of runoff. Precipitation alone explains 70% of soil losses during the first 
season (Table 9.18). But for the second part of the season, this level of explanation is 
reduced to between 20% and 35% (Table 9.19). Similarly, the level of explanation 
provided by runoff as a single predictor of soil losses, declines from 70% during the 
pre-canicula period to a 30% during the post-canicula period. This concurs with 
reports by Bbhm and Gerold (1995): they claimed that the variation in the regression 
equations they obtained showed that plant cover, and therefore the type of land use, 
was the most important factor in reducing soil losses. 
It is perhaps surprising that soil losses from MMll were less significantly correlated 
with most of the parameters evaluated here. In an almost similar fashion, MCll 
produced soil losses which were less well correlated than its counterpart on an 18 deg 
slope. What transpires from this analysis is that treatments which offer higher levels 
of protection are less well correlated (explained) than those with less protection (in the 
case of maize as a single crop, explanation is given by the slope angle rather than by 
the soil surface cover per se). In other words, it is easier to explain higher levels of 
erosion from not-so-well protected treatments (i.e. MAI8) than losses from treatments 
less vulnerable to erosion (i.e. MMll). In explaining this, it is considered that the 
level of protection itself plays an important role in both dimimshing the effect of 
erosive agents and, consequently, blurring the potential relationship. In addition, 
given the fact that most of the erosion occurs towards the beginning of the season, it is 
during this period that a stronger relationship (better explanation) may be possible. 
On the other hand, lower levels of correlation were obtained for treatments of maize 
intercropped with Mucuna. The implication behind this is that such a cover crop, by 
providing a better level of protection, also reduces the possibility, of explaining itst . 
~ " 
,effect bec~us~ofits cOlIlP_le~ c~opy geOmetiy. ~ " -.... , " -: 
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Table 9.18. Simple linear regression models and correlation coefficients (r) of soil 
losses and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. First 2art of wet season. 
Pre-canicula period 
Treatment Index Slope S.E.± Intercept r Sign. t 
coefficient 
MCll P,mm 0.044 0.008 -0.5273 0.839 *** 
MCll Runoff, mm 0.200 0.044 -0.1801 0.770 *** 
MCll PI mm'h· .. , 0.0007 0.0001 -0.1798 0.927 *** 
MCll I mm1 b-l .. , 0.0354 0.0075 -0.6366 0.782 *** 
MCll El,., kJ mm m· h· 0.022 0.0023 -0.145 0.933 *** 
MCll KE", kJ mm m' h· 1.5923 0.1928 -0.2141 0.911 *** 
MC18 P,mm 0.105 0.016 -1.1140 0.869 *** 
MC18 Runoff,mm 0.288 0.032 -0.4901 0.922 *** 
MC18 PI mm'h· 30' 0.0016 0.0001 -0.3295 0.979 *** 
MC18 ~, mm'b t 0.0933 0.0108 -1.685 0.918 *** 
MC18 El,., kJ mm m' h· 0.052 0.0027 -0.241 0.982 *** 
MC18 KE", kJ mmm'h· 3.7955 0.2752 -0.4149 0.965 *** 
MMll P,mm 0.048 0.008 -0.6252 0.840 *** 
MMll Runoff,mm 0.135 0.036 -0.0221 0.707 *** 
MMll PI mm1h"' lO' 0.0007 0.0001 -0.2422 0.927 *** 
MMll ~,mm2hl 0.0358 0.0087 -0.6791 0.739 *** 
MMll El,., kJ mmm'h' 0.0233 0.0026 -0.208 0.925 *** 
MMll KE", kJ mmm'h4 1.717 0.2017 -0.2907 0.915 *** 
MM18 P,mm 0.102 0.017 -1.1876 0.855 *** 
MM18 Runoff,mm 0.280 0.042 -0.3519 0.873 *** 
MM18 PI,., mm1h ' 0.0016 0.0001 -0.4095 0.960 *** 
MM18 ~,mm'h.J. 0.0896 0.013 -1.681 0.879 *** 
MM18 El,., kJ mmm'h' 0.0509 0.004 -0.3196 0.960 *** 
MM18 KE", kJ mmm'h4 3.643 0.4001 -0.4619 0.925 *** 
* n = 16; r ~ 0.482 at p = 0.05 level; r ~ 0606 at p = 001 level; .** SIgnificant at p = 0.01; *. = 
significant at p = 0.05, ns = not significant 
-----
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Table 9.19. Simple linear regression models and correlation coefficients (r) of soil 
losses and erosivity indices for plots planted with maize and intercropped with 
Mucuna and Canavalia in 1995. Second I!art of wet season 1995. 
Post-canicula period 
Treatment Index Slope S.E.± Intercept r Sign. t 
coefficient 
MCll P,mm 0.003 0.001 -0.0384 0.575 *** 
MCll Runoff,mm 0.0181 0.003 -0.0043 0.664 *** 
MCll PI mm'h' 
"" 
0.0001 0.00001 -0.0248 0.750 *** 
MCll ~,mm'h" 0.006 0.0012 -0.0841 0.633 *** 
MCll E~, kJ mm m4 b-l 0.0036 0.0005 -0.0238 0.774 *** 
MCll KE", kJ mm m4 h4 0.2507 0.0539 -0.0132 0.612 *** 
MC18 P,mm 0.010 0.003 -0.0537 0.522 *** 
MC18 Runoff,mm 0.048 0.012 -0.0045 0.568 *** 
MC18 P~,mmsbl 0.0003 0.0001 -0.0037 0.663 *** 
MC18 I mm'h" lG' 0.0201 0.0046 -0.2108 0.586 *** 
MC18 El"" kJ mmm4h' 0.0115 0.002 -0.0004 0.683 *** 
MC18 KE", kJ mm m4 h4 0.8345 0.2027 0.0257 0.566 *** 
MMll P,mm 0.001 0.0002 -0.0019 0.423 *** 
MMll Runoff,mm 0.023 0.001 0.0056 0.369 ** 
MMll PI mm'h4 >G' 0.00002 0.00004 0.0004 0.559 *** 
MMll ~, mrn'h ' 0.0015 0.0003 -0.0174 0.615 *** 
MMll El,., kJ mmm4 h4 0.0007 0.0002 -0.0003 0.590 *** 
MMll KE kJ mmm4 h' ", 0.0596 0.0137 -0.0002 0.587 *** 
MM18 P,rnm 0.013 0.004 -0.1427 0.477 *** 
MM18 Runoff,mm 0.059 0.019 0.0007 0.460 *** 
MM18 PIlo' mm'h ' 0.0003 0.0001 -0.035 0.513 *** 
MM18 I mm'b-l ,., 0.0175 0.0078 -0.162 0.348 ** 
MM18 El,., kJ mm m4 h4 0.0128 0.0035 -0.0286 0.522 *** 
MM18 KE kJ mm m4 h4 ", 0.8501 0.3298 0.173 0.395 *** 
t2nd part of wet season: n=38, r ;;:; 0.317 at p = 0.05 level; r;;:; 0.408 at p = 0.01 level: *** signIficant at 
p = 0.01, ** = significant at p = 005, ns = not SIgnificant. 
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Figure 9.19. Effect of erosivity indices and runoff on soil loss from Melt. 
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Figure 9.21. Effect of erosivity indices and runoff on soil loss from MMll. 
(symbols: • pre-canicula period and [J post-callicula period). 
8 
7 
'E 
oS 
... 
~5 
:0 
:0 
S' 
0 
"3 !, 
cl! 
1 
0 
8 
7 Os 
oS 
... 
=fs 
:0 
:0 S, 
0 
"3 !, 
cl! 
1 
0 
8 
7 
'E 
oS 
... 
=5 :0 
:0 
S' 
0 
"3 3 ;;;2 
cl! 
1 
0 
I. AR~Y ALO.M~NDEZ 
, 
0 
0 .. 
,0 
0 .. 
, 
o 
o 
o 
• ., 15 
RMlIn_nm 
• 
0 
0 
.jJ , 
., ., 
, 
, 
0 
0 
., ., ., 100 
BaNIy .... El" klnmnl'h' 
, 
, 
.. 
, 
, 
., 100 
, 
120 ,., 
9.321 
8 1 
7 
'E , ~ 
~5 
:0 , 
:0 
S' 
0 
"3 ! , ;;;2 0 
cl! 0 
1 
, 
0 '0 
DD 
0 .. ., ., ., 100 
_~P.nm 
8 
7 
°e 
oS 
, 
... 
=5 :0 • 
:0 
e' 0 
"3 :: , 
0 
~2 o 
cl! o 
, 0 
0 
0 
8 
7 
e 
e. , 
.; 
:;, 
:0 
~. 
:' 
.!! 
, 
=, 0 
cl! , 
0, , 
0 
0 ID) 1<XIl ,." 
aalhAlyner,I<Ii.Jnmnl'h' 
Figure 9.22. Effect of erosiyity indices and runoff on soil loss from MM18. 
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A multiple regression analysis (step-wise) for correlating soil losses to a set of 
independent variables was performed for all treatments (Table 9.20). The aim was to 
fmd the best model for describing soil losses using the erosivity indices. The 
independent variables are: a) precipitation. P. mm; b) the corresponding treatment 
runoff. mm; c) erosivity indices KE25 and El3o, kJ mm m·2 h". d) the product Pho. 
mm2 h". 
Table 9.20. Step· wise regression analysis for predicting soil losses from plots of 
maize intercropped with cover crops, data for all season in 1995. Units: P and 
Runoffin mm, 130 in mm h't, E130 and KEz5 in kJ mm m·l h't, and P130 in mml h". 
Coefficient of Erosivity index 
P Runoff 130 EIJO KEzs Pho Int. r Sign. t 
MC1l5 stpK 0.010 nie ... nie 0.130 
S.E± 0.005 
Par.Corr:j:. 
MC187stp nie 
S.E± 
Par.eorr. 0.009 
MMll 7 stp 0.022 
S.E± 0.005 
Par.eorr. 
MM182stp nie 
0.015 
0.165 0.271 
0.041 nie 0.228 
0.015 0.018 
0.011 
0.023 -0.010 0.189 
0.008 0.004 0.014 
nie nie 0.208 
S.E± 0.027 
Par.eorr. 0.203 0.079 0.127 
0.240 
0.209 
0.103 
0.221 
-0.004 -0.037 0.926 *** 
0.001 
-0.006 
0.001 
-0.005 
0.0005 
0.062 0.951 *** 
0.044 0.948 *** 
-0.005 0.060 0.878 *** 
0.001 
t SIgn. = statistical significance for df. =53. (r ~ 0266 a,5% and r ~ 0.348 at 1%); ••• signIficant at 
99% ; •• signIficant at 95% probabihty; ns = no significant :j: Par Core. = Parttal correlation and S.E. = 
standard erroc of coefficient; of, ni.e= not ID equaltoo; K SII'. = number of sleps for best fit. 
I. AREVALO.MENDEZ 9.323 
The treatments perform differently to the stepwise analysis and, it is thought, in most 
cases the protection given by the surface cover has an important influence in 
explaining soil loss. There were similarities in the models for predicting soil losses 
from treatments of maize intercropped with Mucuna or Canavalia. But basically these 
similarities were associated with the slope rather than with the cover itself, as all four 
treatments incorporated Eho as the most important component. That the erosivity 
index Eho has the highest importance (given the figure of its coefficient) for 
protection treatments implies that more force is required for detaching soil and 
transporting it downslope compared with maize as a single crop. 
9.2.3 Soil erodibility in treatments of protection 
The erodibllity factor K computed for treatments of protection was always smaller as 
compared with the figures computed for treatments of maize as a single crop 
presented in the previous chapter. The values were also far lower than the 
corresponding value obtained from the USLE nomograph using similar values of soil 
properties for all agricultural treatments. If the USLE derived K value were to be 
used, potential values of soil losses would be several orders of magnitude higher than ac~a11 
measurements. This analysis demonstrates the need for adjusting appropriate soil 
erodibility values for predicting soil losses in case where the USLE model is used. It 
is also considered necessary to make adjustments for temporal decrease in potential 
erodibility as suggested by other authors. 
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0.25 K in MM18 in 1995 
Figure 9.23. Soil erodibility factor Kin MM18 during the 1995 rain season. 
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Figure 9.24. Soil erodibility factor K in MC18 during the 1995 rain season. 
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9.3 Discussion 
After two years of research, strong evidence was obtained to support the claim that 
runoff and soil losses can be significantly reduced by means of incorporating the 
leguminous cover crop Mucuna and Canavalia in the traditional system of producing 
subsistence maize under rainfed conditions and on the hillsides of Guinope, Honduras. 
Furthermore, results obtained in this study concur with Btihm and Gerold (1995); they 
concluded that plant cover not only prevents rainsplash but also provides high 
infiltration capacities due to its positive effects on humus, root macro porosity and soil 
structure. 
Mucuna had a different performance in each year: in year one it had poor growth and 
thus it had little effect in protecting the so11; in year two, perhaps because the soil 
appeared to have improved its organic matter content through the incorporation of 
plant residues left by the leguminous crop of the previous year, it had better 
development and thus was more efficient in reducing runoff and soil losses. Runoff 
and soil losses measured from maize as a single crop and maize intercropped with 
Mucuna were statisticany similar during year one, but statistic any significantly 
different in year two. 
The differences in the response of Mucuna in both years might be due to two general 
causes: a) in 1994 Mucuna was planted later than in 1995. which was of great 
importance in a year drier than the average (Mucuna is reported to prefer wetter 
environments and to suffer from drought stress; Quiroga, 1993); b) in year two, the 
cover crop grew denser and showed a faster rate of development (Mucuna is reported 
to develop better after the first year of planting; Flores, 1993; Buckles, 1994). 
Triomphe (1996) claimed that among the different beneficial effects of Mucuna is the 
significant improvement in rates of steady-state infiltration and soil porosity over 
time. This confirms the situation reported by Ziibisch et al. (1995) but for a different 
legume; here, the best treatment for protecting the soil was that of maize intercropped 
with common beans. 
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Mucuna's rather exaggerated rate of development, as achieved in year two, was a 
disadvantage as it required regular trimming in order to keep the main crop out of the 
reach of the tendrils (c.f. Galvez, undated; Melara and del Rio, undated; and Granados 
and Garcfa,1992). It is considered here that, after two years, it might be better if 
Mucuna were used as a fallow crop i.e. as a part of a rotation scheme designed to 
protect the soil or to restore its productivity (Buckles, et al., 1992; Leonard and 
Mayorga, 1993; Barreto, 1994). The legume was efficient in improving the soil 
conditions and in stopping soil erosion, a situation also described by Bunch (1990b), 
Herrera et al. (1993), Jean-Pierre (1995). Encouragingly for its adoption, this was the 
opinion given by farmers during the course of field demonstrations at the 
experimental site. However, in most cases, farmers expressed reluctance to give more 
than regular hand-weeding to the crop, preferring to devote themselves to other 
. 
(economic) activities. Sims and EIlis-Jones (1993) also reported that farmers in the 
Guinope area have a high opportunity-cost for their hand labour during the wet season 
as hand weeding of cash crops becomes a remunerative activity. This indicates that, if 
there is not a Willingness/opportunity to reduce Mucuna's natural aggressive growth, 
the cover crop might suffocate the main maize crop, which, in turn, would hamper the 
production of grain yields and thus the security of food for the farmer and his family. 
On the other hand, Canavalia proved to be a more reliable crop in terms of sustained 
protection under the two years with different rain regime. During the first year, 
Canavalia outgrew Mucuna and this situation was reflected in reduced runoff and soil 
losses. The rain season during the first year was drier than the average, and this 
proved to be a limitation for Mucuna but not for Canavalia. 
There were highly statistically significant differences for runoff and soil losses 
measured from treatments of maize intercropped with Canavalia and compared to 
those of maize as a single crop for similar slopes and in both years. Indeed, Canavalia 
proved to be more efficient In year one in reducing both runoff and soil losses as 
compared to Mucuna. The level of protection achieved by Canavalia during year two 
was statistically similar to that achieved by Mucuna as demonstrated by the 
corresponding analysis of variance and the t-tests. 
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After the experience gained in two years of research, it would be recommended to use 
Canavalia in preference to Mucuna for the purpose of intercropping a leguminous 
cover crop with maize under rainfed conditions. This recommendation is based on the 
fact that Canavalia proved to be efficient in reducing both runoff and soil losses from 
hillsides of 11 and 18 deg slopes. Besides, intercropping Canavalia does not require 
extra hand labour (as that for trimming the tendrils on the case of Mucuna). This is a 
sound advantage in securing the adoption of this practice as a means of promoting 
sustainable soil conservation practices. 
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10. DETAILED ANALYSIS OF RAINFALL-RuNOFF 
The treatments of maize as a single crop and the maize intercropped with the 
leguminous cover crops on the steepest slope (18 deg) were instrumented for dynamic 
measurements of runoff during the second year, 1995. 
Dynamic recording of runoff was carried out for a total of 18 weeks; the first period 
lasted 8 weeks from May to mid July, beginning just after the crop was planted; the 
second period extended from September and October in the second part of the rain 
season. A total of 40 runoff events were recorded: 13 in the first period, and 27 in the 
second. A summary of this information is given in Table 10.1 and the breakdown of 
13 storms which have more than one butst is presented in Table 10.2. 
Electronically recorded data from each runoff event were analysed in order to define 
the hydrograph parameters: time-to-strut and time-to-peak runoff. The settings and 
calibration of the transducers used for recording at e exp lained in Chapter 5: Methods. 
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Table 10.1. Total rain and runoff data as measured electronically (El) from the 
18 deg slope using pressure transducers in 1995. 
Month Day Runoff event EI-MAt8, EI·MCt8, EI-MMt8, EI·P 
mm mm mm mm 
May 25 2 0.1 0.0 00 5.6 
June 2 3 0.3 0.1 0.2 41 
June 6 4 0.0 00 0.3 5.8 
June 7 5 5.3 4.7 1.7 257 
June 9 6 16.2 160 140 31.9 
June 16 7 10.9 63 6.8 22.7 
June 20 9 08 06 06 6.5 
June 27 12 5.0 47 4.9 100 
July 5 13 3.1 27 2.2 12.8 
July 6 14 2.7 24 2.2 7.7 
July 7 15 82 7.3 68 15.8 
July 10 16 1.2 1 0 0.8 46 
September 13 32 124 75 24 18.8 
September 15 33 10.4 45 1.5 222 
September 17 34 3.4 07 05 14.5 
September 18 35 15.0 9.0 3.1 270 
September 20 36 0.9 02 0.1 3.9 
September 21 37 24 0.7 0.3 5.4 
September 22 38 1.5 04 0.2 7.2 
September 23 39 10.6 57 1.1 19.1 
September 24 40 2.3 1.1 02 6.4 
September 25 41 1.2 03 02 6.8 
September 26 42 104 39 1.3 27.7 
September 29 43 5.6 16 0.6 138 
October 5 44 140 26 1.3 35.3 
October 6 4S 5.9 1 8 07 169 
October 11 46 51 07 0.4 13.4 
October 15 47 12.3 1.3 1.1 36.3 
October 16 48 7.2 2.3 05 16.2 
October 18 49 26.4 105 4.4 463 
October 19 50 100 4.2 08 21.8 
October 21 51 06 0.1 0.0 39 
October 2.~ 52 89 1.8 0.5 241 
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Table 10.2 Breakdown of storms with more than one rainfall but generating 
runoff as measured electronically Crom the plots on an 18 deg slope. Treatments: 
Maize as single crop (MAI8), Maize+Canavalia (MCI8), and Malze+Mucuna 
(MMI8). 1995. 
Runoff,mm 
Date Rain Intensity MA18 MC18 MM18 
mm mm h" 
7 Juue 1 burst 8.99 22.02 1.20 039 0.50 
7 June 2 burst 12.17 19.13 407 429 1.17 
16 June 1 burst 11.90 13.06 4.03 1.99 2.51 
16 June 2 burst 6.59 9.57 2.22 1.28 1.27 
16 June 3 burst 10.26 12.56 4.58 3.12 292 
13 September I' B 303 9.24 0.61 0.18 007 
13 September 2"' B 15.23 25.38 11.81 741 2.36 
15 September I' B 5.79 1965 325 1.39 0.31 
15 September 2"' B 8.59 9.15 8.40 409 1.25 
18 September I' B 2.14 14.25 039 om 004 
18 September 2"' B 223 13.82 105 023 0.09 
18 September 3" B 9.44 25.36 6.75 3.64 0.75 
18 September 4· B 1020 19.73 739 4.82 2.02 
22 September I' B 3.52 8.67 0.58 0.14 0.11 
22 September 2'" B 3.03 466 094 0.26 0.11 
23 September I' B 11.84 36.13 6.91 3.73 0.53 
23 September 2"' B 2.67 14.57 1.66 080 015 
23 September 3" B 3.38 15.62 1.98 1.14 0.22 
29 September I' D 3.83 10.77 103 0.18 0.13 
29 September 2"' B 7.21 18.03 4.47 1.45 0.39 
5 October I' B 17.68 3002 809 1.21 0.44 
5 October 2"' B 4.19 5.23 1.34 013 0.18 
5 October 3· D 7.12 13.50 4.21 1.21 0.35 
15 October I' B 7.93 15.34 346 036 0.21 
15 October 2'" B 24.31 3.47 8.76 1.00 0.86 
16 October I' B 3.12 5.72 086 007 004 
16 October 2"' D 098 4.52 0.31 0.02 0.02 
16 October 3" B 1.34 308 033 002 004 
16 October 4" B 9.31 10.60 5.64 2.17 0.34 
18 October 1 D 5.08 3.81 2.19 025 020 
18 October 2 B 13.71 17.89 9.47 5.61 2.30 
18 October 3 B 1086 1540 1.70 4.64 1.94 
18 October 4 B 1665 17.74 1.49 3.77 6.11 
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10.1 Dynamic Runoff 
Given a similar rainfall (total and intensity), runoff volume can be seen to change 
during the season. Figures 10.1 to 10.4 represent selected dates and the data of which 
were obtained using the transducer-runoff/rain gauges. When comparing these plots, it 
can be seen that rainfall rarely occurred as a single hurst of precipitation. Such 
variability in the delivery of rain caused the treatments to react differently and piggy-
back runoff hydro graphs were very common. 
The runoff event corresponding to the 9th June 1995 presented in Figure 10.1 is a 
response to a rainfall event totalling 23 mm and having an mtensity of 38 mm h· l . On 
this occasion, the runoff from Maize as a smgle crop (c) and intercropped with 
Canavalia (MCI8) and Mucuna (MMI8) has Similar starting time (around 2.5 min, 
after 1 mm of rain), but behave differently in terms of responding to changes in rain 
intensity. The MA18 treatment has an almost immediate response to the changing 
intensity of the rain and peak flow occurs 3 min after the rainfall's peak intensity. 
When compared with MA18, there is a delay of nearly 2 min for MC18 and 4 min for 
MMI8. The peak for MM18 is coincident with a piggy-hack on MA18 and both are 
caused by a surge in rainfall. For this runoff event. occUlTing at the beginning of the 
season, the treatments have similar runoff totals (RnCMAI8=16.4 mm, 
RnCMCI8=16 mm, and RnCMMI8=14 mm). Although volunteer Mucuna plants on 
the MM18 treatment had started to affect the rate of runoff from the beginning of the 
season so slightly reducing the total outfall. 
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Figure 10.1. Rain hyetograph and runoff hydrographs as measured on 9.6.95. 
Runoff event No 6. 
The second example is runoff event No 7 on the 16tl' June 1995 (Figure 10.2). The 
rainfall has a similar total and intensity to the previous example. The rainfall was 
delivered in 3 bursts which affected the rate of runoff among the treatments (note the 
time gap between the three rain bursts). Although runoff is regi~tered between 2 and 4 
minutes after the rain starts, it is rather intermittent; it is not until 15 min later when 
3.5 mm of rain had fallen that the runoff stalts to flow without interruption. The 
changes in intensity of rainfall affected the response of the treatments. On this 
occasion, peak runoff discharge occurred almost simultaneously across the treatments; 
each peak was delayed 3 to 4 min with respect to the corresponding rainfall peak. 
Total runoff is different among treatments, with the unprotected treatment giving a 
higher figure (RnCMAI8=llmm, RnCMCI8=6.3 mm and RnCMMI8=6.8 mm). 
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Figure 10.2. Rain hyetograph and runoff hydrographs as measured on 16 June 
1995 Runoff event No 7. 
The third example of runoff hydrographs is taken from the second part of the season 
and is runoff event No 35 occurring on 18'h September 1995. On this occasion, the 
rainfall was 27 mm in total and had an intensity of 24 mm h". This rainstorm 
consisted of 4 main bursts which affected the rate of runoff as seen in Figure 10.3. 
The effect of the treatments is clearly differentiated in terms of rate and total runoff. 
MA18 continued to be highly responsive to rainfall; its runoff started within 3 min of 
rainfall start. Meanwhile, MC18 and MM18 did not start until 5 min after the 
beginning of the rain. The runoff rate from MMl8 was not particularly high until the 
last burst of rain occurred. The response of MCI8 was intermediate as compared to 
the other two treatments. The peak discharge for MAl8 occurred within 1 and 2 min 
of the rainfall's peak intensity. MCl8 had no peak discharge as a response to the first 
burst, and, for the remaining three, the peak happened between land 4 min after each 
rainfall peak. But MM18 had no peak discharge for either the 1" or 2nd bursts, while, 
for the 3rd and 4th bursts, its peak happened between 3 and 5 min after each rainfall 
peak intensity. For this rainstorm event, the total runoff of the unprotected treatment 
(RnCMAI8=15 mm) was between 1.7 and 5 times that of the protected treatments 
(RnCMCI8=9 mm, and RnCMMI8=3 mm). 
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Figure 10.3. Rain hyetograph and runoff hydrographs as measured on 18 
September 1995; runoff event No 35. 
The last example is runoff event No 53 recorded on the 251h October 1995 (Figure 
lOA). The ram total is 23 mm delivered with a rather low mtensity of 12 mm h-I . The 
aim in showing this graph is to illustrate that towards the end of the season the total 
rain volume was not the most important factor causing runoff from the protected 
treatments but that intensity probably has a more important role. Also. it is clear that 
even at low rainfall intensity the MAl8 treatment was highly responsive. giving. in 
this particular rainfall event. a runoff coefficient (Rc-MAI8=37%) which was 
between 4 to 19 times higher than those of the protected treatments (Rc-MCI8=9%; 
and Rc-MM18=2%). 
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Figure 10.4. Rain hyetograph and runoff hydrographs as measured on 25 
October 1995 runoff event No 53. 
10.2 Time-to-Start 
'Time-to-start' of runoff is measured from the beginning of the storm for all storms 
having a single peak discharge; for those storms that presented two or more bursts of 
rain the 'time-to-start' is defined as from the time the rain re-starts. It was decided to 
use the beginning of the rainstorm as the reference, since the treatments had such a 
short response time in this study. It is acknowledged that the 'centroid-of-the-storm' is 
a concept generally used in hydrological studies, although it is usually associated with 
watersheds or with field drainage (Clruk et al., 1988; Reid et al., 1990) in which 
transmission takes place over long periods of up to several hours. A global analysis on 
the time-to-start of runoff from the three treatments was carried out on the 40 different 
runoff events recorded electronically (Table 10.3). 
--------------------
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Table 10.3. Time and Cumulative rain to start of runoff from the al!ricultural treatmen~ electronicaUy_measured. 1995. 
Date Umeto Cum rain to start Mln. Rnf. MAIS mm Tune to start Cwu rain to start Mln. Rnt. MC18 mm TIme to start Cum. MIn.RnLMMI8mm 
start MA18 mln' MC18mln MC18 nnof!' mm mln-· MM18mln rain to start MMt8 mln'· 
MA18mln runoff mm nmorl'mm 
02 June 233 176 001 283 270 001 283 270 001 
06 June 667 459 007 150 076 007 233 156 007 
7 June 1st B 350 147 007 950 516 007 400 165 007 
7 June 2nd B 100 036 007 050 022 007 1.33 049 007 
9lune 233 100 007 250 I 18 007 233 100 007 
16 June 1st B 200 036 007 433 077 007 183 036 007 
16 June 2nd B 767 063 007 1134 068 007 934 063 007 
16 JUDe 3rd B 550 036 007 2550 I 31 007 2084 081 007 
20 June 233 049 007 I 8 040 007 650 156 007 
21 June 2067 053 007 80 036 007 44.17 101 007 
05 July 633 223 007 567 204 007 633 623 007 
06 July 033 027 007 133 134 007 033 027 007 
07 July 367 440 007 367 440 007 400 550 007 
10 July 700 267 007 700 267 007 700 267 007 
13 September 1st B 333 142 007 300 129 007 400 165 007 
t 3 September 2nd B 300 120 007 333 169 010 333 169 003 
15 September 1st Peak 300 102 007 367 125 007 333 III 007 
15 September 2nd Peak 033 013 007 100 071 007 133 093 007 
17 September 3767 200 007 3833 236 003 3967 272 003 
18 September 400 125 003 433 138 003 433 138 003 
20 September 500 165 003 700 227 003 NA NA NA 
21 September 233 031 003 433 098 003 533 169 003 
22 September 767 187 003 900 232 003 867 223 003 
23 September 1st B 933 214 003 967 267 003 1000 321 003 
23 September 2nd B 333 053 003 567 134 003 633 200 003 
24 September 333 125 007 300 089 003 400 1.78 003 
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Table 10.3. Time and Cumulative rain to start of runoff from the al!ricultural treatments· electronicallv measured. 1995 (continues). 
Date Tlmeto Cum rain to start MIn. Rnr. MA1S mm Time to start Cum rain to start Min. Rnf. MC1S mm Time to start Cum. rain to start MIn. RnL MM1S mm 
start mln RnCMAI8 mm mini MClSmln MC18 nmorr mm mln°· MM18min MMt8 nmorr mm mini 
26 September 433 147 003 600 236 003 567 214 003 
29 September 1 B 533 089 003 800 125 003 1000 183 003 
29 September 2 B 137 200 007 200 138 003 233 169 003 
5 October 1 st B 500 280 007 633 414 003 733 503 003 
5 October 2nd B 400 045 003 NA NA NA NA NA NA 
5 October 3rd B 333 049 003 567 1.56 003 467 098 003 
06 October 167 089 003 367 143 003 3.33 139 003 
11 October I" Peak 200 178 003 167 129 003 267 258 003 
11 October 2nd Peak 100 022 003 400 1.51 003 367 125 003 
11 October 3rd Peak 000 000 000 300 138 003 233 080 003 
15 October I" B 433 178 010 500 223 003 533 316 003 
15 October 2nd B 5.00 1055 003 1000 1095 003 1100 1142 003 
16 October I" B 930 102 003 1700 209 003 1833 236 003 
16 October 2nd B 333 076 003 833 094 003 633 089 003 
16 Q.,tober 3rd B 567 036 003 1800 107 003 1067 067 003 
16 October 4th B 1st Pk 1000 071 003 1300 138 003 1400 214 003 
16 October 4th B 2"'Pk 000 005 003 633 094 003 767 1 51 003 
18 October 1b 267 076 007 533 134 003 533 134 003 
18 October 2b 500 058 003 633 116 003 800 187 003 
18 October 3B 067 009 003 533 062 003 667 085 003 
18 October 48 300 058 003 300 058 003 800 240 003 
19 October 18 333 138 003 600 245 003 667 272 003 
19 October 2B 100 049 003 267 134 003 367 178 003 
19 October 3B 633 085 003 767 116 003 1000 160 003 
20 October 0940 191 003 001 218 003 001 245 003 
21 October 0940 156 003 NA runoff not Slgmficant NA runoff not Slgruficant 
23 October 0700 258 003 833 325 003 900 338 003 
25 October 5937 410 003 NA runoff not stgntficant NA runoff not Significant 
NA; data not aV31Iable because of the effect of treaunent. i e. runoff did not start oc bad not clear/constant starUng tune. 
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It can be observed that, as both the plant-cover and soil-surface characteristics change 
over time, the response of the treatments varied and that the time-to-start was greater 
for the treatments with cover crops than with MAI8. The veracity of this statement is 
sustained by the 4 runoff examples given in the last section. Table 10.4 includes 
information on the time the runoff started in both of the two sub-seasons. The impact 
of raindrops hitting the soil surface and breaking down aggregates can contribute to 
the sealing of the soil surface (Ellison, 1944) thus increasing the production of runoff 
on relative unprotected soil such as in the case of plots planted with maize as a single 
crop. 
Maize as a single crop has the lowest time and amount of rain required for the runoff 
to start in either sub-season. The differences between MAl8 and MM18 and MC18 
were significant at 95% probability for both parameters. The treatments with 
Canavalia and Mucuna were statIStically similar in both the requrred time and rainfall 
required before the start of runoff. The data from Table 10.5 suggest that the rate of 
infiltration and/or interception from the treatments with leguminous cover crops was 
increased and a greater volume ofrain was necessary for runoff to take place. It is also 
possible that, in the second sub-season, differences in soil surface roughness and an 
increase in leaves and biomass litter affected the rate of flow, thus increasing the 
amount of time for water intake and resulting in higher rates of water infiltration and a 
reduced runoff volume. 
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Table 10.4. Summary of descriptive statistics for data on time and rain to start of 
runoff on treatment of MA. 1995. 
Treatments Time, :EP to start Average rain Min. Rnf. 
min runoff mm intensity, Maize alone 
mm/min mm/min 
Maize as a single cr02 
Mean 4.4 1.4 0.3 0.05 
Standard Error (±) 0.8 0.2 0.1 0.00 
Median 3.3 1.0 0.2 0.03 
Minimum 0.0 0.0 0.1 0.00 
Maximum 37.7 10.6 0.9 0.10 
Maize intercr022ed with Canavalia 
Mean 6.55 1.83 0.26 0.04 
Standard Error (±) 0.90 0.23 0.04 0.00 
Median 5.33 1.36 0.20 0.03 
Minimum 0.00 0.22 0.11 0.01 
Maximum 38.33 10.95 0.45 0.10 
Maize intercr022ed with Mucuna 
Mean 7.52 2.16 0.28 0.04 
Standard Error (±) 1.14 0.26 0.04 0.00 
Median 5.67 1.69 0.26 0.03 
Minimum 0.01 0.27 0.12 0.01 
Maximum 44.17 11.42 0.45 0.07 
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Table 10.5. Mean values of time-to-start and cumulative rain at start of 
runoff in 1995. 
Time to start, min t 
Treatment I" Sub-season 2"' Sub-season All season 
Maize alone 5.1 (±1.4) 4.2 (±O.9) 4.4 (±O.S) 
Maize and Canavalia 6.1 (±1.7) 6.7 (±1.1) 6.6 (iQ.9) 
Maize and Mucuna 7.3 (±3.1) S.1 (±1.1) 7.5 (±1.1) 
ttime since the start of the rain (stand:rrd error in hmckets). 
There were 12 rainstorms which feU in more than one burst and gave a total of 20 
cases which were separately analysed (Table 10.2). The hme to 're-start' runoff was, 
in general, reduced during rainstorms that feU in more than one burst; but in some 
cases it was not different, which suggested that rainfaU intensity was additionally 
important in initiating runoff (Figure 10.5). The number of cases in which the time to 
second rise actually increased were 3 in MA1S, 5 in MClS and 7 in MM1S. The 
reduction in time to 're-start' runoff indicates the vulnerability of the treatments to 
subsequent rainfalls, even if they have lower intensity or total precipitation (Table 
10.6). 
It is important to point out that MA always has the shortest time to re-start. This 
suggest greater vulnerability to the effect of pulses in rainfall through the more 
exaggerated development of rills and the higher degree of surface compaction due to 
raindrop impact on the comparatively unprotected surface. (c.f. Ellison, 1944; Mihara, 
1955; Al-Durrah and Bradford, 19S2a&b). This does not occur to the same degree 
where there are cover crops because the legumes prevent raindrops from reaching the 
soil surface, while the increased litter reduces the development of riUs and the 
increased organic matter content of the soil helps maintain structure and increase 
water intake (c.f. Triomphe, 1995; Fattah and Upadhyaya, 1996). 
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Table 10.6. Time to re-start of runoff during 12 storms with two or more 
bursts. 
20 
15 
.. 
·10 
Increased time 
Reduced time 
Average time to rise, min 
MAt8 
3.7 (:1:1.0) 
-2.7 (:1:0.6) 
MC18 
7.4 (:1:3.6) 
-2.9 (:1:0.8) 
III TtrstMA eTtrstMC 
5 77323339"3 
". .... 
Runoff eVllnt No 
MMt8 
6.0 (:1:2.3) 
-3.7 (:1:1.0) 
Figure 10.5. Changes in time to second rise in 12 different rainstorms falling in 
more than one burst. 
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10.3 Time-to-Peak 
The 'time-to-peak' is (as with 'time-to-start') measured from the time the rain starts. 
The response of treatments varied over the season in a similar way as the time-to-start. 
The MM18 and MC18 treatments were slower in responding to rainfall. Data on time-
to-peak from all runoff events are presented in Tables 10.7, 10.8 and 10.9 for MAI8, 
MC18 and MM18 treatments. These tables give information with regard to the time 
the rainfall is at peak intensity, the maximum intensity, the time at which the runoff is 
at peak, the cumulative rain before peak runoff, and peak discharge. Also, in cases 
when the rain has more than one burst (re-starts). secondary time-Io-peak values are 
referred to the time from the point at which rainfalI re-starts. Tables 10.10 gives a 
summary statistics for time to peak for MA18. MCl8 and MM18. respectively. 
It was observed that while the difference between the peak in rainfalI and the peak in 
runoff from MA was almost similar (1 to 3 min difference) from beginning to end of 
the wet season, the difference between both parametels were grew steadily for 
treatments of protection. In fact. towards the end of the wet season it was common to 
observe that no peak runoff occul1'Cd at all for treatment of protection. The reason for 
such responses are attributable to the improvcment on soil characteristics (added 
surface roughness by means of leaves and litter. and added organic matter that help 
increase infiltration) which were accentuated as the season progressed. 
According to data in table 10.lD. there is an average increase of 2 and 3 min for peak 
runoff to occur from MC and MM, respectively, as compared to MA. But probably 
more interesting is the fact that the means in delay time (the difference between the 
time the rain has its peak value and the corresponding peak runoff) increase from 2 
min in MA to 13.9 min in MC and up to 15.2 min in MM. It is clear in that the 
vegetative canopies of Mucuna and Canavalia arc efficient in intelcepting the rainfall 
at the time that the changes in soil conditions establish differences in the response to 
rainfall under similar circumstances. 
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Table 10.7. Time to peak runoff from the MA1S treatment; data obtained 
electronically in 1995. 
Dat. Tlme.t Max rain Intemity Time to peak runoff mln Cum rain to peak Max.Rnr. 
maximum rain mm/mln mm MA18 mm 
mln mini 
2 June 2.50 034 500 432 002 
6 June 283 136 NA NA NA 
7 June .-B 467 134 1033 583 026 
7Iun.:!" B 467 114 2150 583 026 
9lune 630 216 933 561 270 
16 Jun. 1st B 1600 134 1667 617 073 
16 Jun. 2nd B 1567 053 2700 493 033 
16 Jun. 3rd B 3007 134 3067 407 079 
20 June 283 009 2181 476 012 
21 June not maxmlum 
27 Jun. 1st peak 367 107 431 374 053 
27 Jun. 2nd peak 667 080 767 534 046 
27 lune 3rd peak 967 t 20 1000 735 102 
5 July 1422 134 I~ 00 628 076 
6 July 233 160 733 472 059 
7 July 467 110 667 1350 130 
10 July 800 108 800 365 060 
13 September 1st B 500 066 500 I 91 012 
13 September 2nd B 600 174 633 632 156 
15 September 1st Pk 467 066 667 294 042 
IS September 2nd Pk 2000 108 2767 1069 087 
17 September 3633 067 1900 272 017 
18 September 1st Pk. 367 054 600 178 012 
18 September 2nd Pk 1233 019 13 33 329 021 
18 September 3rd Pk 2367 081 2133 681 060 
18 September 4th Pk 5133 093 5133 1946 069 
20 September 833 054 900 298 021 
21 September 533 080 833 361 046 
22 September 733 051 900 232 017 
23 September 1st B 1000 159 1100 472 011 
23 September 2nd B 2267 054 2500 13 54 030 
23 September 3rd B 667 120 700 272 078 
24 September 333 1.08 467 196 040 
2S September NA NA NA NA NA 
26 September 1500 094 1567 708 069 
29 September 1 B 1200 080 1267 330 030 
29 September 2 B 267 120 133 281 082 
5 October 1st B I Pk 9 12 933 703 057 
5 October 1st B 2 Pk 15 12 1567 1242 069 
5 October 1st B 3 Pk 2267 066 2167 1621 033 
5 October 2nd B NA NA NA NA NA 
5 October 3rd B 567 066 667 214 036 
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Table lO.7.Time to peak runoff from the MAIS treatment; data obtained 
electronically in 1995. (continue) 
Date Time at Max ruin Int(n .. l1y Tlmt' to pt'ak runoff CUln rain to Max.Rnt. 
maximum rain mm/lOin mln pt'akmm MA18mm 
mln miD" 
06 October 1561 0141 1633 121 090 
11 October 1st pt 2 141 1 285 053 
11 October 2nd pt 433 120 533 298 069 
11 October 3rd pt 233 094 361 114 049 
15 October 1st B 533 141 633 396 092 
15 October 2nd B 12 027 19 1149 011 
16 October 1st B 1633 040 1161 221 013 
16 October 2nd B NA NA NA NA NA 
16 October 3rd B NA NA NA NA NA 
16 October 4th B 1st pt 13 33 080 1433 221 040 
16 October 4th B 2nd pt 1100 094 11 31 385 059 
18 October I B 1061 061 11 33 285 026 
18 October 2B 3533 107 36 12.51 069 
18 October 3D 3500 094 NA NA NA 
18 October4B 1 1000 120 NA NA NA 
18 October4D 2 1567 107 NA NA NA 
18 October 4B 3 2000 114 NA NA NA 
19 October IB 1033 066 11 33 436 03 
19 October 2B 433 093 6 31 06 
19 October 3B 200 054 2433 441 03 
20 October 1400 019 1500 307 NA 
21 October NCP NA NA 
23 October 100 108 800 312 NA 
2511011996 1S1 peak 6400 0'4 6466 841 NA 
2511011996 2nd peak 12367 054 12500 899 NA 
27 October 600 054 633 191 020 
28 October 661 093 767 240 021 
N.B.: NCPno clear peaks for runoff nor ram ; NA No Avmlahle as data gtves no clear Idenuficatlon 
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Table 10.S. Time to peak runoff from the MC1S treatment; data obtained 
electronically in 1995. 
Date Time at maximum rain mln Max rain Inten .. ity Tlmemln Cum mln to peak, Max. Rnr. 
mnt/mln mm MC18 
rnmmln·1 
2 JUDe 250 014 300 290 001 
6 June 283 136 NA NA NA 
71une 1st B 467 134 967 530 007 
7 June 2nd B 467 114 2150 583 013 
9luoe 630 216 10 17 695 309 
161u •• 1st B 1600 134 1700 652 040 
161u •• 2nd B 1567 053 2667 475 020 
161u •• 3rd B 3007 134 3067 407 0.59 
20 JUDe 283 009 2233 490 012 
21 June not maximum raID 
21 June 1st peak 367 107 431 374 053 
27 June 2" peak 667 080 767 534 057 
27 June 3rd peak 967 120 1033 761 089 
5 July 1422 1 '4 1513 650 076 
61uly 233 160 733 427 059 
71uly 467 130 567 1110 110 
10 July 800 108 867 383 045 
13 September 1st B 500 066 533 200 006 
13 September 2nd B 600 1.74 667 684 010 
15 September 1st PI< 467 066 633 276 021 
IS September 2nd Pk 2000 108 2767 1069 063 
17 September 3633 067 3867 250 007 
18 September 1st Pk 367 054 NA NA NA 
18 September 2nd Pk 1233 039 1300 321 006 
18 September 3rd Pk 2367 081 2867 1028 033 
18 September 41h PI< 5133 091 5133 1946 096 
20 September 833 054 933 307 006 
21 September 533 080 813 361 013 
22 September 733 051 NA NA NA 
23 September 1 st B 1000 159 1567 1055 069 
23 September 2nd B 2267 054 2500 13 54 015 
23 September 3rd B 667 120 700 272 16·3 
24 September 333 108 467 209 020 
2S September NA NA NA NA NA 
26 September 1500 094 1600 735 036 
29 September 1 B 1200 080 1267 330 007 
29 September 2 B 267 t 20 400 347 030 
5 October 1 st B 1 PI< 900 120 NA NA NA 
5 October 1st B 2 PI< 1500 120 1533 1211 012 
5 October 1st B 3 PI< 22667 066 NA NA NA 
S October 2nd B NA NA NA NA NA 
5 October 3rd B 567 066 700 232 009 
06 October 15667 0147 1633 721 048 
11 October 1st Pk 200 147 NA NA NA 
11 October 2nd PI< 431 1201 513 298 0132 
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Table 10.8 Time to peak runoff from the MC18 treatment; data obtained 
electronicalll in 1995. (continue). 
Date Time at maximum rain Mllx rain Tlmemfn Cum raJn to Mu. Rnf. MCt8 
mln 10t('0<;lty mm/min pt"8k,mm mmmlnl 
11 October 3rd Pk 233 094 367 174 0132 
IS October 1st B 533 147 667 414 0132 
IS October 2nd B 1200 027 3500 1238 0066 
16 October 1st B 1633 040 NA NA NA 
16 October 2nd B NA NA NA NA NA 
16 October 3rd B NA NA NA NA NA 
16 October 4th B 1st PI< 1333 080 1600 294 010 
16 October 4th B 2nd PI< 1100 094 11 33 385 033 
1& October IB 1067 067 1167 289 007 
18 October2B 3513 107 3600 12.51 053 
18 October 3B 3500 094 3600 926 043 
1& October 4B I 10 120 NA NA NA 
18 October4B 2 1567 107 NA NA NA 
1& Oclober 4B 3 2000 134 NA NA NA 
19 October 18 1013 066 1200 463 009 
19 October 2B 433 093 667 419 030 
19 October 3B 2000 054 2433 441 015 
20 October 1400 019 NCP 
21 October NCP NCP 
23 October 700 108 NCP 
25/1o/l9961s1 peak 6400 054 NCP 
25/10/1996 2nd peak 12367 054 NCP 
27 October 600 0~4 NCP 
28 October 667 093 NCP 
N.B : NCP no clear peaks for runoff nor nun; NA No AvaiLoble as d.11a gIves no c1e.1r idenufication 
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Table 10.9. Time to peak runoff from the MM18 treatment; data obtained 
electronically in 1995. 
Dot. nme at maximum rain Mnxrllln Tlmemin Cum rain to Max. Rn!. MM!8 
mln Int('ndty pt'okmm mmmln-I 
mm/mln 
2 June 250 034 300 290 002 
6 June 283 136 NA NA NA 
7 June 1st B 467 134 1000 557 013 
7 June 2nd B 467 ! 34 NA NA NA 
9 June 630 216 1233 1021 335 
16 June 1st B 1600 134 1700 652 053 
16 June 2nd B 1567 053 2667 475 020 
16 JUDe 3rd B 3007 134 3050 394 053 
20 June 283 009 2267 499 012 
21 June not maxmlUlD ram 
27 June IS! peak 367 107 467 383 047 
27 June 2nd peak 667 080 767 514 061 
27 JUDe 3rd peak 967 120 1033 761 090 
5 July 1422 134 1467 601 045 
6 July 231 160 700 445 080 
7 July 467 110 667 1350 100 
10 July 800 108 800 365 033 
13 September 1st B 500 066 NA NA NA 
13 September 2nd B 600 174 700 730 039 
15 September 1st Pk 467 066 833 383 006 
15 September 2nd Pk 2000 108 2767 1069 021 
17 September 3631 067 NA NA NA 
18 September 1st Pk 367 0~4 NA NA NA 
18 September 2nd Pk 1231 039 NA NA NA 
18 September 3rd Pk 2367 081 2833 1006 009 
18 September 4th Pk 5133 093 5400 1990 027 
20 September 833 054 NA NA NA 
21 September 533 080 800 338 007 
22 September 7.33 053 NA NA NA 
23 September 1st B 1000 159 1~ 67 1055 015 
23 September 2nd B 2267 054 NA NA NA 
23 September 3rd B 667 120 767 103 009 
24 September 333 108 NA NA NA 
2S September NA NA NA NA NA 
26 September 1500 094 1600 735 010 
29 September 1 B 1200 080 NA NA NA 
29 September 2 B 267 1.20 400 347 007 
5 October IS! B I Pk 900 120 NA NA NA 
5 October 1st B 2 Pk 1~00 120 NA NA NA 
5 October 1st B 3 Pk 2267 066 NA NA NA 
5 October 2nd B NA NA NA NA NA 
S October 3rd B 567 066 NA NA NA 
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Table 10.9. Time to peak runoff from the MM18 treatment; data obtained 
electronically in 1995. (continue). 
Date Time at maximum roln Mu ruin intl'n'i.ty Timemln Cum rain to Max.Rnf. 
mln mm/mln pt'ok mm MMI8 
mmmlnt 
06 October 1567 015 1667 748 007 
11 October 1st PI< 200 147 NA NA NA 
11 October 2nd PI< 433 1.20 NA NA NA 
11 October 3rd PI< 233 0936 NA NA NA 
15 October 1st B 533 147 NA NA NA 
15 October 2nd B 1200 027 NA NA NA 
16 October 1st B 1613 040 NA NA NA 
16 October 2nd B NA NA NA NA NA 
16 October 3rd B NA NA NA NA NA 
16 October 4th B 1st PI< 1333 080 NA NA NA 
16 October 4th B 2nd PI< 1100 094 NA NA NA 
18 October ID 1067 067 1233 294 003 
18 October 2B 3533 107 3613 1273 030 
18 October 3B 3500 094 362 939 023 
18 October4B I 1000 120 11 481 042 
18 October4B 2 1567 107 1667 828 040 
18 October4B 3 20 114 2200 1251 066 
19 October 18 1013 066 NCP 
19 October 2B 433 093 NCP 
19 October 3D 2000 054 NCP 
20 October 1400 019 Nep 
21 October Nep Nep Nep 
23 October 700 108 NCP 
2511 011 996 1st peak 4600 054 Nep 
2511 011 996 2nd peak 12367 054 Nep 
27 October 600 054 Nep 
28 October 667 093 Nep 
NB.: NCPno clear peaks for runoff nor rrun.; NA No Avml~hle as (\.11a gIVes no clear Iden1ification 
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Table 10.10. Mean values of time and delay time for time to peak runoff for data 
on time and rain to peak runoff on treatments ofMA18, MC18 and MMI8.1995. 
PeakonMA18 Timemin Cum rain to Max. Rnf. Delay time t 
peak mm Maize alone 
mm/min 
Mean 13.4 5.5 0.5 2.2 
Standard Error (±) 1.4 0.5 0.1 0.5 
Median 10.2 4.2 0.4 1.0 
Minimum 0.0 1.7 0.0 0.0 
Maximum 53.3 19.5 2.7 19.0 
Peak on MC18 Timemin Cum rain to Max. Rnf. Delay time 
peak,mm M+Canavalia 
mm/min 
Mean 15.4 5.9 0.4 13.9 
Standard Error (±) 1.7 0.6 0.1 1.7 
Median 11.7 4.4 0.2 10.4 
Minimum 3.0 1.7 0.0 0.0 
Maximum 53.3 19.5 3.1 52.4 
PeakonMM18 Timemin Cum rain to Max. Rnf. Delay time 
peak mm M+Mucuna 
mm/min 
Mean 16.4 7.1 0.4 15.2 
Standard Error (±) 2.1 0.7 0.1 2.2 
Median 12.3 6.0 0.3 11.7 
Minimum 3.0 2.9 0.0 0.0 
Maximum 54.0 19.9 3.4 53.1 
t delay time is the dlrrerence between the tIme U,e ram hn. liS peak value and the corresponding peak 
runoff. 
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10.4 Runoff and Time-interval Analysis 
A time-interval (canonical) analysis was perfonned in order to identify more precisely 
the temporal relations between rainfall and runoff This kind of analysis was used by 
Pitty (1966) to describe lag between seepage of rain into bedrock and its eventual 
emergence as groundwater spring flow Pltty (1966) found that observed fluctuations 
in spnng outflow chemistry were better explained when using antecedent temperature 
The degree of antecedence reflected water travel-time in the ground 
Here m this study, canonical analysis consists in finding the best relationship between 
the rainfall (independent vanable) and the runoff (dependent variable) which occurs at 
some definable delayed interval The statistics behind the canonical analysis are based 
on obtaining the best correlation coefficient (r) for a given data-set and assumes a 
linear relationship as described by a linear equation (Fleming and Nellis, 1994) 
y = a + px ............................................ Equation 10.20 
where a is the intercept p is the slope (Chatfield, 1995) Given x (Precipitation, P) 
and y (Runoff, Rnf) for any erosive storm, a and p are obtained by a least squares 
procedure 
L( observed value of y- fitted value i= L~=, (y, - a - p x, )2 
which gives a=y-p*x 
The model thus obtamed is checked against the correlation coefficient (r), which is a 
measure of the linear association between the two variables (Chatfield, 1995) The 
usual correlatIOn coefficient is given by 
, 
I 
I 
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r = L(X, -X)(y, - y) I L(X'-~) 
"[L(X,-X)2 L (y,_y)2 
10.351 
Because of lag in the rainfall-runoff process, the best correlation is found by stepping 
the runoff data backwards relative to that of rainfall. In findmg the best correlation the 
lag time is obtained. The lag time is equivalent to the tlme of concentration. This IS 
graphically explained in Figure 10.6 using data for MA18 produced in the runoff 
event for 9th June 1995 (Figure 10.1 above). This is based on the real-time runoff data 
and a contrived situation when the runoff is plotted at time interval of minus 2 
minutes. In the latter case, the runoff seems to overlap the rainfall data. Best fits were 
obtained when using the cumulative data for each event. Following the same 
principle, cumulative data for the same runoff event is shown in Figure 10.7. In this 
graph, r values are lower at both ends i.e. at actual time and at three minutes lag time. 
The linear relationship at a lag time of 2 minutes, 1-2 min, finds the best correlation. 
Thus the lag time is determined to be 2 minutes. 
The canonical analysis was performed using a representative number of runoff events 
because the character of some of the events constrained the possibility of making a 
thorough analysis (e.g. some had no clear time to statt). Analyses were performed for 
each treatment and the resulting componcnt for best tits are given in Tables 10.11, 
10.12 and 10.13 for MA18, MCl8 and MM18 tleatments, respectively. 
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Table 10.11. Canonical analysis for the runoff from the maize alone plot on an IS 
deg slope (MA IS). Data from electronic runoff-transducer (selected dates) 1995. 
DATE Lag time, R' Intercept line Standard 
min slope Error (±) 
09 June 2.0 0.994 -0.293 0.752 0.069 
16 June I" burst 0.7 0.883 -0.008 0.499 0.022 
16 June 2" burst 1.5 0.644 0.001 0.280 0.019 
16 June 3" burst 1.0 0.867 -0.002 0.531 0.017 
27 June 1.3 0.651 0032 0443 0.064 
05 July 1.0 0.828 -0.021 0.537 0.038 
06July 0.7 0.707 0.017 0.308 0.401 
07July 0.7 0.861 -0009 0.633 0.015 
lOJuly 1.0 0.747 -0.008 0.294 0.028 
13 September 1.0 0.984 -0.021 0.839 0.015 
15 September 0.7 0.875 0.004 0.564 0.021 
18 September 1.0 0.908 -0.002 0.724 0.022 
23 September 1.0 0.96 -0.012 0.63 0.013 
24 September 1.0 0.908 0.006 0.468 0.026 
29 September IB 1.0 0.815 -0.007 0.314 0.027 
29 September 2B 1.0 0.959 -0.004 0.636 0.02 
5 October 1 B 1.0 0.814 0.005 0.45 0.032 
50ctober2B 1.3 0.932 0.001 0.585 0.023 
06 October 1.0 0.912 -0.023 0.598 0.031 
11 October 1.0 0.859 0.018 0.435 0.029 
15 October 1.0 0.93 -0.026 0.544 0.022 
16 October 1.0 0.894 -0.002 0.615 0.025 
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Table 10.12. Canonical analysis for the nmoff from the maize and Canavalia plot 
on an 18 deg slope (MCI8). Data from electronic runoff-transducer (selected 
dates) 1995. 
DATE Lag time, R' Intercept lope of Standard 
min line Error (±) 
09 June 0.8 0.703 -0.047 0.790 0.078 
16 June I" burst 1.2 0.819 -0.005 0.268 0.013 
16 June 2" burst 0.8 0.592 0.001 0.168 0.130 
16 June 3'" burst 0.5 0.855 -0.002 0.380 0.013 
27 June 1.0 0.680 0.035 0.428 0.057 
05July 1.0 0.831 0.021 0.505 0.035 
06July 1.0 0.712 0.014 0.289 0.039 
07July 0.7 0.855 -0.009 0.569 0.014 
lOJuly 1.0 0.752 -0.007 0.252 0.024 
13 September 1.3 0.972 -0.031 0.561 0.013 
15 September 1.0 0.842 -0.01 0.339 0.014 
18 September 1.0 0.862 -0.033 0.47 0.019 
23 September 1.3 0.934 -0.007 0.344 0.009 
24 September 1.3 0.903 0.003 0.213 0.012 
29 September 1B 0.7 0.519 0.001 0.042 0.008 
29 September 2B 2.0 0.926 -0003 0.213 0.01 
5 October 1 B 1.3 0.665 -0.001 0.071 0.008 
5 October2B 1.7 0.8 0.001 0.166 0.013 
06 October 1.3 0.839 -0038 0.294 0.022 
11 October 1.0 0.682 -0.0003 0.066 0.008 
15 October 1.0 0.856 -0.006 0.069 0.004 
16 October 1.3 0.768 -0.005 0.264 0.018 
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Table 10.13. Canonical analysis for the runoff from the maize and Mucuna plot 
on an 18 deg slope (MMI8). Data from electronic n!Doff-transducer (selected 
dates) 1995. 
DATE Lag time, R' Intercept Slope Standard 
min of line Error (±) 
09 June 0.5 0.635 -0.035 0.624 0.074 
16 June IN burst 1.2 0.828 -0.005 0.315 0.014 
16 June 2nd burst 0.8 0.613 0.001 0.165 0.012 
16 June 3'" burst 1.0 0.867 -0.002 0.360 0.011 
27 June 1.3 0.642 0.055 0.387 0.057 
05July 1.0 0.799 -0.009 0.313 0.025 
06July 0.7 0.676 0.017 0.201 0.029 
07July 1.0 0849 -().008 0.496 0.012 
IOJuly 1.3 0.777 -0006 0.2 0.018 
13 September 1.3 0.913 -0.011 0.185 0.008 
15 September 1.3 0.712 -0.003 0.097 0.006 
18 September 1.7 0.69 -0.019 0.179 0.013 
23 September 1.3 0.736 0.001 0.047 0.003 
24 September 2.0 0.377 0.002 0.02 0.006 
29 September 1B No clear data 
29 September 2B 1.3 0.68 0.005 0.036 0.004 
5 October 1 B 1.7 0.442 0.002 0.018 0.004 
50ctober2B No clear data 
06 October 1.7 0.685 -0.002 0.044 0.005 
11 October 1.7 0.391 0.003 0.016 0.004 
15 October 2.0 0.417 0.002 0.018 0.004 
16 October 1.7 0.505 0.001 0.033 0.004 
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Figure 10.6. Rainfall and runoff from MA18 on 9th June 1995, and time interval 
for best fist. 
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Figure 10.7. Linear regressions for finding best lit by time intervals for the 
runoff ofMA18 on the event No 6, 9th June 1995. 
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A brief summary of the results is presented III Table 10 14 below In general, the 
MA18 treatment produced higher correlation coefficients (r), and lower values oflag 
Lower correlation coefficients were obtained with MM18 and MC18 treatments. The 
lowest mean lag time was obtained for MA18 with a 1 min time interval while the 
MM 18 treatment has the slowest response with a I 3 min lag time 
Table 10.14. Parameters corresponding to the canonical analysis and best linear 
model. 
Treatment Lagtime r Intercept [-] p Slope of line 
min [for P, mm min"] 
Maize alone 099 (±O 04) 092 -0005 (±O 004) 0540 (±O 04) 
Maize and Canavaba 1 11 (±O 07) 079 -0 006 (±O 004) 0307 (±O 04) 
Maize and Mucuna 132 (±O 09) 066 -0001 (±O 004) 0188 (±O 04) 
The slope of the hne (fJ) is statistically different for each treatment, as is the response 
time (i e lag) The highest slope is for MA18 and imphe~ that it is the most vulnerable 
treatment as its runoff has higher values for similar rain than did the other two 
treatments Lower values of slope for MC18 and MM18 imply a better protection 
against rainfall 
In additIOn, the slope, p, of the linear models was inversely proportional to the lag 
time for each treatment, as is explained by the negative power equation' 
Lag-time = 0.4917 p-3 5998 ................................................... Equation 10.21 
with ~= 0 9752** at 95% for df=2 
/ 
/ 
/ 
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11 ASSESSMENT OF SOIL EROSION 
Under the rainfed agriculture carried out on the hillsides of Guinope, primary tillage is 
the main source of surface roughness. It is common practice for recently opened land 
(after the trees are burnt and all debris removed) to be subjected to intense tillage in 
order to loosen up the soil and secure adequate soil conditions for an appropriate seed-
bed. Such primary tillage can be carried out by means of animal-drawn ploughs 
wherever the slope of the land makes it possible to do so; otherwise, the initial 
loosening of the soil is carried out using a hand-held jab (locally known as the 
macana) and hoes. Primary tillage occurs at the beginning of the rain season (when 
the rains start to provide moisture to the soil) and it is common for farmers to follow a 
contour of guide lines marked ex professo by an "A" frame leveL Ploughing on the 
contour is considered to provide the best resistance to overland flow, and, hence, the 
highest reduction in the likelihood of erosion of hillside soils (SRN, 1994; Auzet, et 
al., 1995; Govers et al., 1995). 
A secondary tillage operation, important for providing surface roughness, is the hand-
weeding activity which is carried out some 20-30 days after the main crop has been 
planted. For this activity, hand-held hoes are used to cut the weeds at surface leveL 
Also during this operation, some soil is moved to the base of the maize stalks in order 
to help anchor the plants. 
Flanagan et al. (1995) and Rudolph et al. (1997) used laser scanners to measure soil 
micro relief changes under rainfalL With these it was possible to obtain detailed 
measurements because the grid cell was only a few millimetres. 
The following sections provide a description of changes in surface roughness as 
measured in the lowest third of the plots by means of the microrelief meter described 
in Chapter 5, Section 5.4.6. This area of each plot is under the influence of runoff 
from the whole plot. Thus, this area will have suffered most from the effects of 
hydraulic erosional processes. 
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11.1 Roughness and Microrelief Measurements 
Microrelief measurements were carried out during 1994 and 1995 as a means of 
describing the surface morphological roughness at different times during the wet 
seasons. Three-dimensional representations of those measurements carried out in 
1995 are presented in Figures 11.1 to 11.7 for all agricultural treatments. Computed 
standard deviations of height relative to plane which is the local slope for each 
sampling date and treatment are presented in Table 11.1. It is accepted practice to use 
the standard deviation of normalised elevations as a surrogate for the surface 
roughness; as a general rule. the larger the value for standard deviation the larger the 
surface roughness (Reid. 1979). However, Rudolph et al. (1997) used the specific 
surface area (SSA) to characterise surface elevations. SSA is defined as the ratio of 
total surface area to the mapped area. 
Table 11.1. Standard deviation (cm) of measured microtopography in 1995. 
Date 
Treatment! slope a) 22.06.1995 b) 05,07.95 c) 31.10.95 
Maize as a single crop 
6 deg slope 2.836 2.659 2.982 
11 deg slope 1.707 1.515 2.416 
18 deg slope 2.792 3.392 2.939 
Maize intercropped with: 
Mucuna 11 deg 2.253 2.073 2.589 
Mucuna 18 deg 2.398 2.238 2.466 
Canavalia 11 deg 2.619 3.315 2.587 
Canavalia 18 deg 1.919 2.219 2.502 
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When comparing the Figures for the first date of measurements, it is clear that the 
plots on an 18 deg slope, had suffered similar rates of incision by rainsplash and 
overland flow (Figures a in diagrams 11.1 to 11.3). The plots had already been under 
the effect of 10 rainfall events which delivered a total of 204 mm and a total erosive 
energy (Eho) of 246 kJ mm h'! m·2• At this point, around 30 % of the total soil losses 
had occurred for most of the treatments. At field level, it was possible to assess by 
visual inspection that the original surface roughness achieved when planting on the 
contour had been greatly reduced by the time the first micro-relief profile was 
measured. 
By the time the weeding operation was completed (second date; b in Figures), the 
original surface roughness had decreased in plots of maize as a single crop planted on 
6 and 11 deg slopes, and also in plots protected with Mucuna on both 11 and 18 deg 
slopes. However, on the plot of maize as a single crop on an 18 deg slope, and on both 
plots protected with Canavalia, surface roughness had apparently increased. This last 
situation is not easy to explain, because the effect of hand weeding should be to 
increase surface roughness. However, it only affected three out of seven cases. The 
decrease in surface roughness ranged between 6 and 13%, while the unexplained 
increase ranged between 14 and 21 %. 
In the particular case of MM18, tbe decrease in surface roughness for the second date 
could be associated, to large extent, with the elimination of one particular feature - a 7 
cm hole located at the centre of the measured area (Figure 11.3a). The hole was 
gradually filled by eroded sediment moving downslope as an effect of the rains faIling 
during the previous days, and partiaIIy by soil moved by the hoe during the weeding 
operation. In all other cases where the roughness was decreased, it appears that small 
features (small clods) had disappeared at the time of the second measurement. 
Towards the end of the season, the effect of the treatments is evident in differences in 
surface roughness and the development of rills. Between the second and the third 
microrelief measurements, most plots (with the exception of MCll and MAI8) had 
increased their roughness values between 11 and 60%. In all cases - either increasing 
or decreasing roughness - there were no particular seasonal trends. The area 
immediately adjacent to the maize and cover crop stalks showed the anchoring effect 
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of roots (Figures c). By the end of the season (third date, c in Figures), most loose 
peds had either broken down or washed away. The effect of soil erosion on maize as a 
single crop is evident in the form of rills which developed towards the end of the 
season (see particularly MA18, Figure 11.lc). 
Surface roughness per se was not eliminated through the season, as indicated by the 
values in Table 11.1. This is mainly due to the fact that although peds were broken 
down, the micro-topographical measurements detect other elements that maintain the 
overall roughness. However, of crucial importance for soil erosion is that many of the 
roughness gradients become aligned cross-slope. The formation of rills is the 
expression of this. In effect, expected reductions in morphological roughness are 
compensated by the maintenance of surface relief from inter-rill areas to rills. This 
compensation involves a significant reduction in hydraulic roughness in a direction 
that encourages surface runoff and, hence, erosion. 
Changes on surface microrelief can also be associated with settlement as well as 
compaction of aggregates on the soil surface (Fattah and Upadhyaya, 1996). 
According to data given in Chapter 5 (Table 5.4) for maize as a single crop, soil bulk 
density (0 to 5 cm depth) increased towards the end of the season, which is thought to 
be a result of repacking of the tOP-SOIl. The average increase in bulk density ranges 
between 9 and 12%, and it represents a settling equivalent to some 0.4 cm. 
It is important to point out that runoff occurs (particularly on MA plots) even if a 
relatively high degree of roughness is maintained through the season. The reason for 
this is that, as mentioned above, the new features which indicate a relatively high 
degree of roughness, are rills formed towards the end of the season. In this particular 
case, a high value of surface roughness does not necessarily indicates hydraulic 
resistance, as the rills (featured as added morphological roughness) actually encourage 
drainage. Thus, for plots of maize as a single crop, a high value of morphological 
roughness does not indicate a capacity of the soil to reduce the speed of flow nor to 
provide surface storage. This contrasts with the findings of a similar study (F1anagan 
et al. 1995) which reported that changes in soil microrelief meter measurements of 
roughness could be related inversely with soil erosion. 
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Microrelief measurements on plots of maize intercropped with Canavalia show that 
rills also formed around the stalks of maize plants. But the beneficial effect of 
Canavalia is evident in the form of 'micro-terraces' which occur from the middle and 
towards the uppermost edge of the diagrammatic image Figure 11.2c and 11.6c. 
Canavalia plants acted as a barrier, reducing the flow of runoff and increasing the 
detention of soil particles. This effect had also been evident during the 1994 rain 
season and was very possibly the main reason for added protection as compared to 
that given by Mucuna in that year. Development of these micro-terraces was evident 
in MC18 as well as in MCll in both 1994 and 1995 seasons. 
Soil when cropped with maize and Mucuna was less disturbed than in other treatments 
between the second and the third date in 1995. Formation of nlls is not as evident as 
in the other treatments. Most of the general features evident at the second date were 
still present towards the end of the season, together with others such as soil 
accumulation around plant stems. Soil roughness under this treatment suffers 
comparatively less changes through the season and even increases possibly as a result 
of added features such as soil accumulation. Similar results were obtained from 
MM18 and MMll in both seasons. 
The variability on superficial roughness with time measured here is similar terms than 
that reported by Reid (1979) and by Zobeck and Popham (1992). 
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a) 
Maize as a single crop 18 dcg slope; 22.06.95 
b) 
Maize as a single crop 18 deg slope; 05.07.95 
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c) 
Maize as a single crop 18 deg slope; 31.10 9S 
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Figure 11.1. Three dimensional representation of soil micro relief measurements 
under maize as a single crop on an 18 deg slope 
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Figure 11.2. Three dimensional representation of soil microrelief measurements 
under maize intercropped with Callavalia on an 18 deg slope. 
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Figure 11.3. Three dimensional representation of soil micro relief measurements 
under maize intercropped with Mucu1la on an 18 deg slope. 
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Figure 11.4. Three·dimensional representation of soil micro·relief measurements 
under maize as a single crop on a 6 deg slope, 1995. 
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Figure 11.5. Three-dimensional representation of soil micro-relief measurements 
under maize as a single crop on a 11 deg slope, 1995. 
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Figure 11.6. Three-dimensional representation of soil micro-relief measurements 
under maize intercropped with Callavalia on an 11 deg slope, 1995. 
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Figure 11.7. Three-dimensional representation of soil micro-relief measurements 
under maize intercropped with Mucuna on an 11 deg slope, 1995. 
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11.2 Erosion Pins and Soil Losses 
Each agricultural plot was equipped with nine erosion pins evenly distributed on its 
surface. These pins consisted of 250 mm nails which were carefully pushed into the 
soil, leaving 25 mm above the surface. A washer with a 25 mm outer diameter was 
used as a secondary datum for assessing aggradation at the time of consecutive 
readings (plate 11.1) 
Plate .1l~H Erosion pin on MAll. 
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On a total of 21 dates in 1995, on a weekly basis, soil erosion was monitored by 
measuring pin exposure. This method proved to be very easy and relatively fast for 
assessing changes in the soil surface elevation over short intervals of time. The 
cumulative results are presented in Figure 11.8 for plots of maize as a single crop, and 
in Figures 11.9 and 11.10 for plots of maize intercropped with Canavalia and 
Mucuna, respectively. The three data series shown on each plot correspond to the 
average of a pair of erosion pins located at the same row within the runoff plots, as 
shown on the small diagram. 
MA plots present the highest rate of seasonal variation. The pair of pins located at the 
top of the runoff plots (Pins 1&2) on plots of MA6 and MAll obtained lower rates of 
erosion. This is related to the fact that being located at the top of the runoff plot, there 
is only little opportunity for runoff to take place and it is quite possible that the main 
source of erosion is the direct impact of raindrops and the following splash. For MA6, 
MAll and MA18, averaged measurements of pins 1&2, represent equivalent soil 
losses, of 5.6, 10.8 and 20.1 kg m-2, respectively, based on the fmal change on surface 
elevation and fmal dry bulk density. Measurements taken at intermediate (Pins 3&4) 
and lower (Pins 7&8) positions were also higher on MA18. 
The soil loss derived from the change in surface elevation is presented in Table 11.2. 
Actual soil loss values in each treatment are also provided. Estimated soil losses by 
the 'nail-and-washer' method were higher for maize as a single crop as compared to 
their counterparts of maize intercropped with cover crops; ie. soil loss in MAll, 14.3 
kg m-2, was 8 and 57 % higher than that of MC11 and MM11; also, equivalent soil 
loss in MA18, 25.3 kg m-2, was between 39 % and 46 % that in MM18 and MC18. 
Equivalent soil losses from maize intercropped with leguminous cover crops were 
comparable; ie. soil loss in MCn, 13.2 kg m-2, was higher to that estimated for 
MMll, 8.2 kg m-2; in the same fashion, estimated soil losses from MC18, 15.5 kg 
m-2, were higher to those from MM18 , 13.6 kg m-2• 
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Figure 11.9. Soil surface elevation change measured by erosion pins form plots of 
maize intercropped with Canavalia on 11 deg and 18 deg slopes, 1995 season. 
Location of erosion pins within the runoff plots is shown on the small diagram. 
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Figure 11.10. Soil surface elevation change measured by erosion pins fonn plots 
of maize intercropped with Mucuna on 11 deg and 18 deg slopes, 1995 season. 
Location of erosion pins within the runofrplots is shown on the small diagram. 
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However, when comparing soil losses measured by the 'nail-and-washer' method 
against those measured directly, the erosion pins tended to overestimate soil losses on 
slopes of 6 and 11 deg, while underestimating losses on a slope of 18 deg. 
Overestimated soil losses ranged hetween 6 % and 71 %, while underestimated soil 
losses ranged from 38 % and 50 %. 
Table 11.2. Equivalent soil loss (kg m·l ) as measured by the Nail-and-washer 
method and comparison with actual measurements in 1995. 
Method MA6 MAll MCll MMll MA18 MC18 MM18 
Db, g cm"' 1.10 1.13 1.12 1.05 1.21 1.12 1.15 
Average change in soil elevation t, cm 
0.63 1.26 1.18 0.78 1.97 1.39 1.18 
Soil loss by Nail & Washer, kg m·' 
6.9 14.3 13.2 8.2 25.3 15.5 13.6 
Soil loss by Direct measurement, kg m" 
6.5 11.7 7.7 6.3 51.1 24.0 22.1 
Difference, kg m·' 
+0.4 +2.6 +5.5 +1.9 -25.8 -8.5 -8.5 
t average from 6 pins (1&2,4&5 and 7&8) 
It is clear that the 'nail-and-washer' method is not as accurate as the actual 
measurement of eroded sediments. A probable reason for reduced readings from plots 
on the 18 deg slope could be the use of the washer. It was observed that from time to 
time the washer was standing on a small pedestal of soil, thus reducing the erosion 
splash (c.f. Hudson, 1993). On all occasions, the small pedestal was carefully 
removed in order to make an appropriate interpretation of the eroded soil surrounding 
the erosion pin. However, it could be argued that the erosion pin may have acted to 
protect the soil around it The rest of the soil not being accounted for could have come 
LAREVAW-MENDEZ 11.375 
from the already loosened soil surface (e.g. hand weeding) and broken down 
aggregates. Thus, the easily erodible layer, of around 1 cm, corresponds with the 
depths measured from the plots on less steep slopes. Although a larger equivalent soil 
loss was measured from the plots on the 11 deg slope, this is assumed to have been 
retained on the soil surface thus it was not accounted for as sediment loss. 
11.3 Sediment size analysis 
Soil samples from most runoff events and plots were returned to Britain for further 
analysis. However, because of time constraints, particle size of sediment derived from 
runoff events which occurred in 1995 was obtained only for MA18 and MM18. It was 
decided to use those treatments as they represent the worst management practice 
(MA18) and the best protection (MM18). Results are summarised in Tables 11.3 and 
11.4, and shown in Figures 11.11 and 11.12. A brief statistical summary is presented 
in Table 11.5. 
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Table 11.3. Particle size of surface wash per runoff event from MAIS, 1995 
season. 
Number Runoff Rainfall, Runorr, Particles ParUcles Particles 
~mlD "=lSOjun to <09!Inun <250 pm in Figure event mm mm % % % 
11.12 
1 3 8.4 0.57 59.9 31.9 8.2 
2 6 38.3 19.92 48.5 45.3 6.2 
3 7 26.6 10.93 67.1 27.5 5.4 
4 8 61.7 17.51 55.9 36.2 7.9 
9 9 13.1 1.25 35.6 51.2 13.2 
5 10 32.3 2.41 53.2 33.8 13.0 
6 11 40.1 20.80 53.0 34.9 12.1 
8 12 10.5 4.79 40.2 52.1 7.7 
14 17 36.0 4.29 40.4 46.9 12.7 
16 18 8.4 2.70 42.5 38.8 18.7 
15 19 11.6 3.61 52.7 39.8 7.5 
17 20 14.2 2.79 49.7 42.3 8.0 
18 21 23.0 9.41 33.5 52.5 14.0 
19 22 23.0 7.43 19.5 65.2 15.3 
20 23 30.0 9.64 30.6 59.4 10.0 
21 24 17.3 10.71 64.0 23.9 12.1 
22 25 32.7 22.03 54.3 38.9 6.8 
23 26 57.0 40.03 47.9 43.3 8.8 
24 27 88.8 34.20 37.2 51.2 11.6 
27 32 19.5 13.03 58.2 36.0 5.8 
25 33 23.3 10.50 39.2 49.3 11.5 
26 35 27.9 14.21 34.7 56.6 8.7 
28 40 8.7 2.79 26.3 47.6 26.1 
29 42 30.3 9.64 32.7 41.4 25.9 
30 44 37.7 12.79 75.1 18.7 6.2 
31 46 13.2 4.47 55.7 34.0 10.3 
32 47 37.0 11.54 37.0 50.9 12.1 
33 48 17.4 6.78 27.5 56.1 16.4 
34 49 56.3 27.26 25.2 62.6 12.2 
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Table 11.4. Particle size of surface wash per runoff event from MMI8, 1995 
season. 
Number Runoff Rainfall Runoff Particles Particles Particles 
in Figure event mm mm ~- ~ to<O.99mIII <250 "'" 
11.13 % % % 
4 6 38.3 12.72 12.5 55.95 35.6 
6 7 26.6 7.33 17.1 58.8 24.1 
7 10 32.3 2.26 10.7 52.6 36.7 
8 11 40.1 18.4 14.1 49.9 36.0 
9 12 10.5 2.28 9.1 52.7 38.2 
10 17 36 2.74 15.2 54.8 30.0 
13 19 11.6 0.65 10.6 55.7 33.7 
14 21 38 1.8 14.2 64.1 21.7 
15 22 23 3.07 16.5 53.0 30.5 
16 23 30 2.86 17.5 48.7 33.8 
17 24 17 2.9 16.6 62.3 21.0 
18 25 32.7 10.97 18.8 61.3 19.9 
19 26 57 14.47 18.6 54.3 27.1 
20 27 88.8 14.16 16.9 65.1 18.0 
1 29 5.9 0.84 20.1 67.0 12.9 
2 34 14.4 0.93 11.9 60.5 27.6 
21 35 27.9 3.46 19.5 53.5 26.9 
3 39 19.8 1.21 26.6 53.2 20.2 
22 42 30.3 2.83 12.4 66.5 21.1 
23 49 56.3 11.12 14.3 58.4 27.3 
24 52 26.2 0.96 11.2 46.6 42.2 
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The most important difference between MA18 and MM18, is the amount of coarse 
sediment produced from maize as a single crop (Figure 11.13) as compared with the 
treatment of protection (Figure 11.14). The average percentage value of coarse 
sediment in MA18 is nearly 3 times that ofMMl8, while the corresponding averages 
for intermediate sized particles are rather similar for both treatments (Table 11.5). 
However, the amount of fmer particles in MM18 is inevitably always greater than that 
in MAI8. 
Table 11.5. Statistical analysis on the percentile distribution of particle sizes of 
eroded sediment measured from MA18 and MM18 during the wet season in 
1995. 
MM18 MA18 
21 mm <1 mm to <0.25 ~1mm <1 mm to <0.25 
0.25 mm mm 0.25 mm mm 
Mean (%) 15.45 56.71 27.83 44.73 43.73 11.53 
S.E.(±) 0.89 1.31 1.68 2.55 2.11 0.97 
Median 15.20 54.80 27.30 42.50 43.30 11.50 
Minimum 9.10 46.60 12.90 19.50 18.70 5.40 
Maximum 26.60 67.00 42.20 75.10 65.20 26.10 
Count 21 21 21 29 29 29 
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during the wet season in 1995. 
LAREVALO-MOOEZ 11.381 
However, it seems that there is not a logical time sequence for increases in either fmer 
or coarser particles. Thus, it is assumed that coarse soil particles tend to deposit in 
surface depressions during a given runoff event. Those particles are then moved 
further down slope during subsequent storm increasing the size of eroded material. It 
is as if the soil particles were moving down the slope in ·waves'. Each wave 
represents a runoff event which affects a specific range of particle sizes according 
with its intrinsic characteristics; ie. runoff volume, flow discharge (shear velocity of 
flow) and depth of flow. This activity forms part of the mechanism of rill and interrill 
erosional processes that have been described by several authors (Burns, and Edwards, 
1993; King et aL, 1995; Mclsaac et al., 1996; Cochran and Flanagan, 1997) and that 
now form an integral part of models (Flanagan and Nearing, 1995; Franti et al., 1995). 
This kind of response was more evident in MA18 than in MMI8. 
Ellison (1944) explained that, in an experiment conducted under simulated rainfall, 
the first raindrops hitting the soil tended to break down aggregates and release fme 
particles of silt and clay. The fme particles deposited on the soil surface created an 
impervious layer (within 3 minutes after the beginning of rainfall) and sand was 
deposited on the surface. He observed that higher amounts of coarse sand (2 to 0.5 
mm diameter) were contained in raindrop splash. This could explain the higher 
fraction of coarse sediment in MA18, as the soil on this treatment was exposed to the 
raindrops for a comparatively longer period of time in comparison with MMI8. As 
explained in Chapter 9, voluntary Mucuna plants started to emerge right at the 
beginning of the rain season and provided some kind of protection for the soil. It is 
also possible that the soil was benefiting from the previous year's growth of Mucuna 
(ie. through increased soil strength given by higher amounts of organic matter) and 
was more cohesive and resistant to the shear force of flow and/or raindrop splash (c.f. 
Evans, 1980) 
In both treatments, the size of particles in eroded sediment seem to vary 
independently of any of the erosivity indices: rainfall, runoff, Eho and KE25. 
However, statistically significant correlations were obtained between particle size and 
amount of soil loss (Figure 11.15). But here it was necessary to establish a minimum 
amount of soil loss above which the correlation would be statistically significant (ie. 
no statistically significant relationship was obtained when using the whole set of 
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data). The arbitrary minimum value was 1.5 kg m·z in both cases. This reduced the 
data sets to 4 in the case ofMM18 and 11 in that ofMA18. 
According to data shown in Figure 11.16, the fraction of particles of intermediate and 
fme size, decreases with an increase in the amount of sediment eroded from MA18, 
whilst the fraction of coarse particles increases. In contrast, the fraction of particles 
bigger than 0.25 mm decreases with increase in sediment production from MM18, and 
only the fraction of particles smaller than 0.25 mm increases. 
11.4 Discussion 
The importance of microrelief and aggregate size in relation with soil erosion has 
been acknowledged by Zobeck and Popham (1992) and by Burns and Edwards 
(1993). The assessment of soil erosion by means of erosion pins or by measuring 
changes in soil surface microtopography were not as efficient as the direct 
measurement of eroded sediment. The Guinope study shows that direct capture of 
total eroded sediment is the most precise method of determining the effect of erosive 
agents as well as the protection afforded by leguminous cover crops. 
Nevertheless, for visiting farmers the erosion pins provided a useful reference, making 
apparent the beneficial effect of the cover crops. 
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12. CONCLUSIONS 
Because of population pressures and the problems associated with land tenure, much 
of steep land Honduras is being deforested This dramatic change in landuse strips 
away the landscape's protection, upsetting the equilibrium of nature and leaving the 
soil extremely vulnerable to the ravages of erosion Vital to the survival of a rapidly 
growing population is that the situation is alleviated in circumstances where survival 
is at subsistence level and alternative strategies are virtually impossible Under these 
circumstances, for the rainfed agriculture practised on the hillsides of Central 
America, there IS a need for the implementation of soil erosion control measures and, 
of necessity, these have to be as inexpensive as possible 
Because most of the land in and around Guinope is located on steep hillsides, as in 
much of Central America, it is typical for land preparation to be carried out by hand 
and this requires intensive labour. This, together with the fragmentation of 
landholdlngs, IS the main reason why farmers are forced into extending the time that a 
pIece land IS being exploited (Leonard, 1987) At this point an imbalance arises 
between the recovery and exploitation periods and, thus, not only is productivity 
potential depleted but the land suffers accelerated degradation (Lal, 1988b, El-Swalfy, 
1997) If the quality and productivity of agricultural land located on hillsides could be 
preserved for longer periods of time, farmers might stop opening new areas for 
agriculture By conserving soil, each hill farmer can utihse the same ground for 
longer This, in turn, means that there is less pressure to fire and clear-fell virgin 
forest, less soil erosion and less problems of sedimentation down-catchment. It is 
considered here, that this is possible to achieve by means of intercropping leguminous 
cover crops with the main maize crop or as part of improved fallow in a rotatIOn 
scheme Should control measures yield edible material (human or animal fodder) or 
(less obviously to local farmers) lead to better maintenance of soil fertility, these are 
added benefits that can be introdu:ed in any notional or actual cost-benefit analysis 
All this has been a framework for the present study The main conclusIOns are now 
summarised followed by an evaluation of the immediate benefits accruing to local 
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farmers through the effects of green soil conselVation technology on crop yields As a 
brief summary, it is concluded here that, based on result of this research and 
supported by experience obtained in other places, intercropping either Mucuna or 
Callavalia with maize improves the SOIl by increasing a) organic matter content, (c f 
Bunch, 1990b, Flores, 1991 ), b) infiltration capacity (c f Triomphe, 1996), and c) 
aggregate stability (c f Collison and Anderson, 1996). Furthermore, after the cover 
crops are properly established, a collateral benefit from intercropping the legumes 
with the main crop is that soil losses and runoff are reduced (c f Ni11 and NiII, 1993) 
and there is an increase in available nutnents which benefit the main crop (c f 
Ovando et al 1992, Uribe et al , 1993; Huz, 1994) 
12.1 Rainfall-runoff 
12.1. 1 Effect of Storm Magnitude and Pattern 
Rainfall totals of 1994 and 1995 indicate rather dIfferent seasons and this presented a 
good opportunity to test the soil conselVatlOn treatments The total amount of rain per 
storm and the number of rainfall events were always hIgher during the wet season of 
1995 as compared with 1994 The total seasonal amount of rainfall in 1994 was 33% 
lower than the long-term average, whilst the figure for 1995 was 37% higher than the 
average The number of rainstorms registered in 1994 was 60% of those registered in 
1995 These differences had an effect on the production of runoff among the 
treatments during the 2 years of the research 
The minimum size of rainstorm capable of producing runoff was 5 mm of 
precipitation However, storms of between 5 and 10 mm, although most numerous in 
both years, did not have the most significant impact on the total production of runoff 
from any of the treatments For both agricultural and forest plots, increases in storm 
sIze tended to generate increases in runoff (Chapter 6) Positive and highly correlated 
exponential relations were obtained for mean runoff and mean storm size 
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Rainstorms were classified according to their dehvery pattern lime advanced, time 
mtermedIGte, time delayed and time IIltermlttent (Gupta, 1982) In doing this, storm 
pattern was found to have had an impact on the production of runoff. The time 
IIltermedIGte pattern was the commonest one and delivered highest seasonal amounts 
of rain in both years The time advanced pattern tended to be concentrated in the 
period following the camcula dry spell No statistically significant differences were 
obtained for mean rainfall among the four patterns in 1994 However, in 1995, the 
time IIltermlltent pattern presented the highest mean rainfall (32 7 mm) and this was 
statistically significantly different to the average of the other three patterns 
For rainfall classified by storm pattern, increases in rainfall amount did not 
automatically lead to an increase in all eroslvity indices In 1994, the most important 
cumulative erosive potential was associated with time IIltermedIGte storms, which is 
not surprising as it was the commonest type of rainfall The highest mean intensity 
was measured under the time advanced pattern, which also registered highest mean 
values for most of the erosivity indices. In 1995, highest mean values of potential 
erosivity were registered under the time delayed pattern, although the standard error 
makes it statistically indistinguishable from the others 
Results obtained in 1994 and 1995 demonstrated the beneficial effect of incorporating 
a second crop (in particular, Canavalla) as a means of protection - mean runoff under 
any storm pattern or size was always smaller than maize-alone counterparts 
In comparing the effect of rainfall before and after the camcula, the mid-season dry 
spell, there was no significant change In response in treatments of maize, while 
treatments involving cover crops tended to reduce the effects of precipitation 
considerably 
12.1.2 Effects of Landuse change 
Change In land use has a direct and significant impact on the production of runoff. 
Under undisturbed conditions the natural forest had an overall rain/runoff relation 
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(runoff coefficient, Rc) 007% in 1995 This was 10 times lower than that ofland on 
which maize is grown as a single crop planted and on similar slope (18 deg) The 
effect of using fire as a first step in forest clearance was to increase runoff, although 
the impact is much less than the harshest agricultural treatments because of factors 
such as the continued canopy interception, preservation of some of the litter and re-
growth of herbs and understorey plants 
In 1995, Rc under fired forest was more than double (81%) that of the natural forest 
and was similar to those values obtained from agricultural treatments involving 
protection on the same slope (11 deg) Indeed, towards the end of the season, 
ramstorms of moderate intensity and magnitude produced similar Rc from Natural 
forest and from treatments of maize intercropped with Mucuna or Canavaiia, 
balancing performance early m the growing season when the soil was less protected. 
12.1.3 Effects of Ground Slope 
For all agricultural treatments, ground slope had a significant effect in increasmg the 
total volume of runoff But the degree of this effect was different between agricultural 
treatments When maize was planted as a single crop on an 18 deg slope, the volume 
of runoff produced was at least 2 times that on less steep slopes (Table 12 1) The 
effect of an mcrease in slope for treatments of protection was, in general, similar to 
that of maize as a single crop, although total volumes were always smaller. 
Table 12.1 Effect of slope on seasonal total runoff, relative to runoff on an 18 deg 
slope. 
1994 
1995 
Maize alone 
18 deg 
1 
1 
11 deg 
043 
050 
6deg 
033 
042 
Maize and Mucuna Maize and Canavalia 
18 deg 
1 
1 
11 deg 
056 
067 
18 deg 
1 
1 
11 deg 
038 
055 
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An important finding is that Rc for MA is remarkably similar for 1994 and 1995, 
despite differences in land preparation This is very encouraging in working towards 
predicting the impact of deforestation and substttuting monoculture peasant 
agriculture In the case of maize, plotting the mean seasonal runoff coefficient from 
both years against slope angle yields a positive and highly correlated relation This 
indicates that the percentage of runoff increases exponentially as field slope increases 
(.-2 = 0.957) 
where Rc_MA, %, is the predicted runoff coeffiCient from land cultivated with maize, 
and S (deg) is the ground slope angle However, a limit on runoff percentage has to 
eXist at an inclination beyond the steepest slope evaluated in this study and at which 
Rc becomes asymptotic This might imply a polynomial equation were data added for 
steeper slopes 
The close similanty in 1995 of total runoff from treatments that include Mucuna can 
be explained by the extensive and impressive development of the plant canopy that 
acted as an umbrella 
12.1.4 Effect of Cover crop 
In both years of experimentation, Canavalta was highly effective in reducing the 
volume of runoff when compared to treatments of maize planted as a single crop on 
similar slopes During the first year and due to a poor crop development (caused by 
dry conditions), Mucuna had a less effect in reducing the volume of runoff relative to 
Canavalta. However, during the second year, the situatIOn changed dramatically and 
Mucuna significantly reduced the total runoff even more so than Canavaiw The 
reason for such improvement is related to the enhanced development and growth 
achieved by Mucuna plants during this second year This, in turn, is related to 
improvements in both envITonmental and soil conditions and, to a lesser extent, to the 
relative increase in plant population resulting from germination of volunteer plants 
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When comparing the total runoff, the data derived during 1995 - MA6 = 203 mm, 
Mell = !35 mm, and MMll = 151 mm - it is clear that, even on a relatively low 
slope, the soil needs to be protected 
For total runoff, the relative performance of each treatment on the same slope is given 
in Table 122 The effect of cover crops in reducing the volume of runoff IS evident for 
Canavaha, which produced only 35 and 57% of the runoff coming from MA in 1994 
and 1995, respectively After a poor first year, Mucuna achieved similar rates to those 
of CanavalIa 
Table 12.2 Effect of cover crops on seasonal total runoff, relative to runoff from 
treatments of maize as a single crop on an 11 deg or an 18 deg slope 
1994 
1995 
MA 
1 
I 
11 deg slope 
MC 
035 
057 
MM 
1 14 
063 
MA 
I 
I 
18 deg slope 
MC 
040 
051 
MM 
087 
047 
The runoff from treatments of protection was highly correlated with that from maize 
as a single crop The slope of the linear models shows that, for the first part of the wet 
season, the relatton between protected (maize intercropped with Mucuna or 
Canavaha) and unprotected (maize planted as a single crop) treatments was nearly 
unity This relation changed during the second part of the season and the slope 
becomes around 0 7 and 0 4 for 18 deg and II deg slopes, respectively The 
differences in runoff from treatments on either slope were statistically significant for 
the second part of the wet season 
12.1.5Detailed measurement of runoff 
Real-time recording of rainfall and runoff allowed the production of runoff 
hydrographs and rainfall hyetographs that describe, in great detail, the intrinsic 
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relation between precipitation and runoff in each of the agricultural treatments This 
allows an assessment of the changes in rainfall-runoff response as the season 
progressed and clearly demonstrates the hydrological responsiveness and vulnerability 
of steep lands that have been turned over to agriculture 
The time-to-start of the runoffhydrograph was always shorter in MA (mean 4 4 min) 
than in treatments having cover crop protection (MC mean 6 6 min and MM mean 7 5 
min) On those occasions when the rain fell in more than one burst, the time to start of 
the secondary rises was reduced in all treatments (MA -2 7 mm, MC -2 9 min, and 
MM -3 7 min) As the season progressed, the leaf area of the cover crop increased the 
amount of interception and led to a marginal increase in time to start Over the same 
penod, a greater reductIOn in depression storage under maize alone as a part-function 
of the relative lack of protection led to a marginal shortening of the time to start. 
The time-to-peak showed similar tendencies to those observed for time-to-start The 
MA treatment was the most responsive with a mean time to peak of 13 4 min, 2 min 
shorter than MC (15 4 min) and 3 min shorter than MM (16 4 min) 
12.2 Soil loss 
As with the production of runoff, changes in land use have a direct and devastating 
effect on soil losses, particularly in years of high precipitation such as 1995 Soil loss 
from Natural forest is inSignificant in either year The Fired forest treatment yields 
measurable amounts of sediment at the beginning of each wet season, but those losses 
tend to be reduced as the season progresses and the understorey recovers In the 
agricultural treatments, soil losses are lowest in MA6 if only because of low slope 
Maize as single crop on either of the steeper slopes is worst practice After a first year 
in whIch Mucuna had a poor level of development and protection, in 1995 both of the 
cover crops tested here yield similar soil losses 
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Ranking the soil erosIOn measured in 1995 (based on the seasonal total soil losses 
shown in Table 12.3) produces the following 
Increase In soil loss 
NF < FF < MM11 < MA6 < MC 11 < MAll < MM18 < MC18 <MA18 
Table 12.3. Seasonal total soil loss (kg m-2) from forest and agricultural 
treatments in 1995. 
NF FF MMll MA6 MCll MAll MMl8 MCl8 MAl8 
0034 III 628 649 774 1171 2212 240 5107 
The sediment yield data from plots of maize could form a basis for calculatmg the rate 
of development of terraces when considering the use of live barriers However, 
wherever a risk of failure exists (due to poorly established/maintained live barriers), it 
is advisable to enhance soil protection by means of intercropping a cover crop, such as 
CanavalIa 
12.2.1 The influence of ground slope 
In either wet season of 994 or 1995, total soil loss was increased with land slope in all 
agricultural treatments Although the magnitude of total soil losses was always 
smaller, the effect of an mcrease In slope under treatments of protection was, in 
general, similar to that of MA The relations for each treatment are given in Table 
124-
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Table 12.4. Effect of slope on seasonal total soil erosion, relative to erosion on an 
18 deg slope. 
Maize alone Maize and Mucuna Maize and Canavalia 
1994 
1995 
18 deg 
1 
1 
11 deg 
012 
023 
6 deg 
009 
013 
18 deg 
1 
1 
11 deg 
023 
028 
18 deg 
1 
1 
11 deg 
0.17 
032 
Similar to the relation between runoff and ground slope, the relations between soil 
loss and ground slope for treatments of maize are described by the following 
equations 
in 1994 SLS_MA=O.OI77eo2052s 
with r = 0 956 significant at 95 % probability level, and 
in 1995 SLS_MA = 2.052eo.1745S 
with r = 0 994 significant at 99 % probability level, where SLS _MA are seasonal soil 
losses in kg mo2, and S is the ground slope, (deg), over the range 6 to 18 deg These 
equations take into account the seasonabty of rainfall and could be used for years with 
different precipitation· i e those With rainfall below (1994) or above (1995) average 
12.2.2 The effect of Cover crop 
Intercropping Mucuna or Canavalla with maize had different effect on the production 
of sediment in each year of experimentation As with runoff, Canavalla was more 
consistent in reducing the amount of soil loss (Table 125) In the first year, it had a 
quick mitial growth, which resulted in lower volumes of both water and SOil escaping 
from the plots A charactenstic effect of Canavalla was the deVelopment of 'mlcro-
terraces' through the wet season The plants stem acting as a live barrier caused this 
effect (but at lower scale to those species used speCifically for this purpose, e g 
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Vel/ver grass) During the second year, although no significant differences were 
observed in comparison with Mucuna, the level of protection afforded was sustained 
During 1995, Mucuna was highly efficient in reducing both runoff and soil loss This 
occurred when the plant population was dense enough to close most of the canopy 
gaps left by the main crop (maize) In comparison with maize planted alone, there was 
a reduction in sol1loss of between 40% and 54% by the end of the 1995 rain season 
(Table 12 5) 
Table 12.5. Effect of cover crops on seasonal total soil loss, relative to total soil 
loss on an 11 deg or an 18 deg slope 
1994 
1995 
MA 
1 
1 
11 deg slope 
MC 
019 
066 
MM 
165 
054 
MA 
1 
1 
18 deg slope 
MC 
014 
047 
MM 
089 
043 
Even if the soil losses are not totally ehmmated when intercropping with leguminous 
cover crops, it is possible that the workable life-span of land is at least double when 
compared with growing maize by itself. In addition, the main crop benefits from 
improved soil conditions as a result of added organic matter and increased 
microbiological activity (c f QUlroga, 1993) If cover crops were to be used as an 
improved fallow as part of a rotatIon scheme (as practiced in northern Honduras, 
Buckles el ai, 1992, Barreto, 1994), improved soil conditions and reduced soil 
erosion should be expected 
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12.3 Crop growth and yield 
Maize plants were differently affected by the intercropping of leguminous cover 
crops For plots of maize alone, Yields of grain and biomass production decreased 
between 1994 and 1995 and with increasing ground slope (Tables 126 and 127) This 
is almost certainly an effect of higher rates of soil loss on steeper slopes which 
involves a decrease in available nutrients The average reduction in maize grain yields 
between the first and the second years was 28% on average 
In spite of a natural reduction in the production of maize grain (-28 %) and maize 
biomass (-44 %) between 1994 and 1995, the rate of yield reduction on those plots of 
maize intercropped with Mucuna is higher (Tables 126 and 127) Both treatments 
that incorporated Mucuna caused an average loss in maize grain of more than 50 % 
when comparing 1994 and 1995 There was also an average reduction of 50% in 
maize biomass as compared with yields obtained the previous year 
Given low initial growth during the first year and rather aggressive growth during the 
second, Mucuna seems to have had the disbenefit of a negative effect on the 
development and yield of the maize crop Such a loss in yield is explained by the 
aggressive growth of Mucuna, which entangled the stalks of the maize plants and the 
cobs and reduced development of both Because of this, Mucuna seems less attractive 
as an option for conserving soil This concurs with the report by Sims and Walle 
(1995), in that, despite a slow start, Mucuna rapidly overcomes the rate of growth of 
Canavaha and, by 120 days after planting, the differences in biomass is 30% in 
favour of Mucuna In this study similar trends were observed 
In contrast', plots of maize intercropped With CanavaiIa registered an average 
24 % increase i'n maize grain Yield from year one to year two (Table 12 6) CanavaiIa 
was definitively a better option for protection of soil without affecting maize yields 
The biomass of both crops maize and CanavaiIa was increased between 1994 and 
1995, which indirectly indicates an Improvement on the soil conditions (Table 12 7) 
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Table 12.6. Grain yield of Maize under three treatmeuts. 
Treatment Slope, deg 1994, kg ha'l 1995, kg ha'l 
Maize alone 6 2128 2114 
Maize alone 11 1585 1205 
Maize alone 18 1320 886 
A l'era~e of AM t 1453 1045 
Maize+Canavalia 11 1697 1960 
Maize+Canavalia 18 1328 1803 
Average of MC 1513 1882 
Maize+Mucuna 11 1660 780 
Maize+Mucuna 18 1471 682 
Average MM 1566 731 
t Excludes data from a 6 deg slope 
During field demonstrations at the experimental site as part of local agricultural 
extension programmes, farmers indicated that they would be reluctant to devote time 
to trimming the Mucuna tendnls more than once (at the time of hand-weeding) 
because the opportunity-cost of their hand-labour is high at the times that second or 
even third trimming would to be required However, given Mucuna's high capacity for 
producing biomass (Table 127) and Its nitrogen-fixing qualities (c f Duke, 1981, 
Buckles et ai, 1992, Gordon et ai, 1993), it is highly recommended as a single crop 
as part of a rotation scheme, especially because it has such good protection 
capabilities on fields that might otherwise be left fallow It has to be acknowledged, 
however, that the prospect of 'problems' with volunteer plants in subsequent years 
when maize is reintroduced makes it less attractive even as part of a rotation fertility 
restoration strategy 
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Table 12.7. Dry biomass production from agricultural treatments, 1994 and 
1995. 
1994, kg ha'! 1995, kg ha'! 
Treatment Slope Legumes Maize Legumes Maize 
deg 
Maize alone 6 5840 5532 
Maize alone 11 4564 2789 
Maize alone 18 4023 20\1 
AI'erageo/MA t 4294 2400 
Maize+Canal'Qlia 11 7020 4380 7180 4149 
Maize+Canavalia 18 6806 3377 7869 2064 
Averageo/MC 6913 3879 7525 3107 
Maize+Mucuna 11 6976 3339 9451 1669 
Maize+Mucuna 18 6942 3500 9655 1750 
Averageo/MM 6959 3420 9553 1710 
t Excludes data from a 6 deg slope 
Of course, the present recommendation of Canavalia as the best option of the two 
cover crops tested is based on only two years of experimentation However, this short 
period not only indicated the advantages of covering the soil, it also provided 
evidence that adoption of Canavalia would be more certain than would Mucuna, 
given the growth habit of the latter and its effect on the yield of Honduras' staple crop 
12.4 Farmer's participation 
One of the reasons for developing thiS research in a farmer's fields was its potential 
value as a vehicle to demonstrate to the local farming community the beneficial 
effects of the technology being evaluated The exchange of ideas dunng field visits 
was a very Important by-product of the research (Plate 12 1) 
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It was considered highly important in securing further adoption of the technology 
(especially a low input technology such as this) that farmers had a say in what to 
research and how to conduct the tnals from a land management point of view From 
the beginning, close interaction was maintained with Sr Rivera, the landowner, in 
deciding the management of the crops as well as in assessing the impact of the 
treatments This formed part of a general strategy of incorporating the cover crops 
mto the traditional management practices in a manner that was as acceptable as 
possible This approach proved to be successful m that Sr. Rivera and his family 
decided to provide cover crop protection to all the land they had under cultivation By 
the end of 1995, he had covered nearly one hectare With Cajamls sp (Ch/charo 
gandul) and 1 ha with Canavalra 
Perhaps as important is that Sr Rivera has an official position withm the local 
agricultural extension programme - LUPE - and his opinion is influential among his 
peers Indeed, during the two years oftrials, numerous visiting groups of farmers were 
brought to the site of the expenment as a function of his position and they were able 
to experience directly the beneficial benefits of green protection as well as seeing 
some of the difficulties associated with the technology The na!ls-and-washers were 
particularly helpful here as they provided a clear indication of the amounts of soil 
being lost and immediate comparisons across treatments were possible. 
Sr Rivera's function as one of the LUPE link-persons has undoubtedly helped extend 
the findmgs of this research and more farmers within the Lavanderos commumty are 
now using cover crops (plate 12 2) Based on the results of this study, the regional 
LUPE agency is now urging fanners to adopt the use of legumes as either improved 
fallow or intercropped with maize 
Because adoption of good practice is higher following demonstration in the field, this 
might be considered to be as important an outcome of the experimentation as any, 
especially since it potentially mvolves the livelihood of a substantial population of hill 
farmers and their families, not only in Honduras but elsewhere in the uplands of 
Central America 
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Plate 12.1. Farmers during a field visit to the experimental site. 
Plate 12.2. Sr. Rivera talks about the benefits of soil conservation practices. 
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Appendix 1 Statistical analyses for data corresponding to 1994 
Table Appendix A .1. Global single anova Cor runorr, data from all plots in 1994 
OneFaclorANOVAX I:""''' Y 1·m! 
Anaysis of Varkrlce TctJIe 
Model 11 esflmate of belween oomponent valance. 14.92 
Grooo. Coont: Mean. std. Dev.: Std. Erroc 
MA 45 3815 4235 631 
MC 30 1.777 2242 409 
MM 30 4401 4865 888 
FP 30 1394 1259 .23 
NF 30 1.259 1097 2 
MAnnDl~ fisher f'lSDoL SCheffe F-tes!: Dunnettt-
MA vs. MC 2038 1518 • 1757 2651 
MA vs. MM ·586 1518 .145 .762 
MA vs. FP 2A21 1518 • 2A79· 3149 
MA vs. NF 2556 1518 • 2763 • 3325 
MC vs. MM -2624 1663 • 2A27· 3116 
MC vs. FP 383 1663 .052 455 
MC vs. NF 518 1663 095 .615 
MM vs. FP 3.007 1.663 • 3187· 357 
MM vs. NF 3.142 1663 • 348 • 3.731 
FP vs. NF 135 1663 .006 .16 
• Slgnl!lcalt at 95" 
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Table Appendix A .2. ANOVA on Soil loss by cover for 1994 data 
1 One Foetor ANOVA XI: coyer Y 2: al. 
Analysis 01 Varl2r1ce T_ 
Source- OF Sum Squaros: Mean SqUll'e F-Iest 
_voup. 4 0025 0006 3408 
Within groups 115 0.215 0002 p. 0113 
ToIaI 119 0.24 
Model 11 estimate 01 betWeen C<Xnpment varl2r1ce • 9n5 
Group' 
l=MA 
2=MC 
3=MM 
4=FF 
5=NF 
Comperisoo' 
lvs 2 
lvs 3 
lvs 4 
lvs 5 
2vs 3 
2 vs. 4 
2vs 5 
3vs 4 
3vs 5 
4vs 5 
• Significant at 
Count 
30 
30 
30 
15 
15 
95% 
Mean 
0032 
ooos 
0032 
0001 
0002 
Std. Dev: 
0061 
0008 
0060 
0002 
0002 
Std Error 
0011 
0001 
0011 
0000 
0001 
Mean 0111' 
0028 
AsherPLSO Schefle F·lest Ounnettt 
001 
0031 
0031 
-0027 
0003 
0003 
003 
003 
0000 
0022" 
0022 
027 • 
0027 • 
0022" 
027 
0027 
0027 • 
0027 • 
003 
155 
0001 
1307 
1279 
1462 
0016 
0013 
1.242 
1.213 
0000 
l=MA; 2=MC; 3=MM; 4=FF; 5=NF 
249 
0071 
2287 
2.261 
241 
0254 
0229 
2228 
2203 
0022 
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Table Appendix A .3. Global 2-factor anova for runoff measured in 1994 (not 
MA6data). 
Move .. bIt tor. 2-t.ctor AMIy8iI of Yartlnce on Y prnf 
Sau...- di" SLm of Squlret Mean Square: F~'" Pval ... 
..... (A) 4 340.85 ..... 8744 000. 
slope (8) • 105249 105248 10821 00" 
.B 4 ..... 14913 .633 '058 
E .... .40 1361738 9127 
Th8rt' were no rrming et'- found. 
.Iope 11 I)"" J8DEG l_ 
•• •• 00 MA ,TB. e 5-11i1 4'" 
•• •• 00 la MC ... .560 .m 
> 
•• •• 30 8 MM 3..58 .... ..... 
00 0 30 
fF .... • .-
INP •• •• 00 
'000 1-478 '2" 
00 50 '50 lolak 
• .803 4037 2'" 
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Table Appendix A .4. Global2-Cactor anova Cor Soil loss measured in 1994 (no 
MA6data) 
Anow. 'able tor. 2-1actor Ana.,._. of VarllnCl on Y 2: 81• 
-
cl Sum 01 Squanoa Mean Square. F·t_ PvaJue 
cowr(A) 4 OOt5 0004 2.295 00636 
sIcpe (B) 1 0012 0012 7.349 00078 
AB 4 0007 0002 112 0348 
Em>< 112 0183 0002 
There ..... ~ _ ~ fOU!ld. 
sIcpe 11 deg ~8~g T_ 
15 15 30 
MA 0007 0058 0032 
15 15 30 
CfNOtMC 0001 oooa 0005 
MM 15 15 30 0012 0052 0032 
FP 30 0 30 0001 0001 
NF 30 30 
0002 0002 
Total. 90 60 150 399 3651 17 
Table Appendix A .5. Single anova Cor Runoff in Maize alone plots in 1994 
OM FIICtor AHOY A X 1 • .tope Y 1 : rn' 
ANlIya. ofVariancl Table 
Sou ... Of" SumSaua1'88 MeanSouare F<eot: 
Between afOllDl , ,60'" 8047<4- '.38 
Wlhln IlmuDS .. 628207 14957 I •• 0D83 
Total 44 780 155 
Model ... bmate of between componert vanance _ 32 758 
GR>UO" Coo"" ...... Std. [)ev' StdErmr 
MA6 ,. ". • .833 73' 
MAli '5 " 2781 U44 734 
MAI8 t5 8519 5"" ,.385 
ComD8rison Mean Drff' FIShet' PLSD" Scheffe F-teet: Dunnettt 
MA6 '" MAli ·64, , .. 12. .50' 
MA6 ... MAI8 .. NIl '""" . 
4075 • 3.058 
MAli w. MAI8 -3.738 .... 321· '557 
• Slgmficant at 95% 
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Table Appendix A .6. Single anova for Soil loss in Maize alone plots in 1994 
G ..... 
Within group' 
Total 
MA6 
MAli 
MAIS 
One Factor AHOY" X 
., 
.. 
Count 
" 
,. 
" 
Analytil cfVarlance Table; 
Sum SquarM Mean SquaN: 
0027 0013 
0001 
0117 
Moon: 
0005 
0Jl17 
0058 
0002 
Std Oev. 
0008 
001 
07t 
F ..... 
8~1' 
p. 0043 
Std E ..... 
.002 
0000 
002 
eomporioon. .... nl>l1 F_herPlSo- _F ..... Dunnettt 
MA6 .. MAli ·002 034 008 11 
MA6 .. MAIS 
·053 034 
"'" 
001 
MAli ... MA18 ·051 034 045 000 
• SIgnIficant-' 
.. " 
Table Appendix A .7. Anova for runoff by cover and slope; data from 94 
(excludes ma6) 
Anova table for a 2-foetor Ana.,. of Variance on Y 1 mf 
Source <If Slm of Saool9S Mean Sa""", Host Pvalue 
cove< (A) 2 152173 761l!7 4982 rm 
slope (B 1 147.483 147A83 9658 0026 
!'Jl 2 1SA79 774 &J7 6042 
EIIOf 84 1282787 15271 
1hera were no rnIsmg cah found 
.-
l1DEG 18DEG Totals 
MA 
" 
IS 30 
2847 6_ 4652 
Ft ~MC IS IS 30 ... 2569 lm 
MM IS 15 30 
3158 5643 4.401 
lotals 45 45 "" 2.33 489 361 
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Table Appendix A .8. Anova for Soil loss by cover and slope; data from 94 
(excludes ma6) 
AnoYl tat* for. 2-t.cIor AnlIysIs of v.~ on Y 2:'" 
Souoce d SumdSqowoo MeanSquaN. F-test: Pva/ue 
covor(A) 2 0015 0007 3_ 0037 
&lope (B) 1 0024 0024 10899 00014 
AB 2 0008 0004 1.835 0166 
e ..... 84 0183 0002 
There were no mis&lng cella found 
&lope 11 DEG 18DEG Totals 
MA 15 15 30 007 0058 0032 
cover MC 15 15 30 0001 0008 OOOS 
MM 15 15 30 0012 0052 0032 
Total. 45 45 80 0007 0039 0023 
Table Appendix A .9.Single anova for runoff by slope, data 1994 
One Factor ANOVA X l'lIope Y 1. mf 
Analysis 01 Vcrlance Table 
SQ!J<ce- Of' """SQuares Mean',,, .. t ... 
Between groupo 1 147.483 147.483 , ... 
WltN"""",,,, 88 14S0~ 16.482 Ip- 0036 
Toto! 89 IS97Q22 
Grouo Count ~ean std Oev std Error 
nDEG 45 2.33 3.216 A79 
18DEG 45 489 4.756 7f» 
-11 DEGvs 18 DEG 
• Slgnlftcant at 95% 
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Table Appendix A .10. Single anova Cor soil loss by slope data Crom 94 
OM FKtor MOYA X 
Analyail 01 Vanar'ICII Table 
-
OF' Sum $quaNl' 
..... -
F_ 
Between groupe, 1 002. 0024 10143 
Within grouP' .. 0.200 0002 p. 0002 
Tota1 .. 0.229 
Model ..... mate 01 between component variance 0021 
Group: Coo ... 
-" 
std Dev Std Error 
llDEG 4. 0007 0013 002 
18DEG 4' 0030 0001 001 
Comparteon. Mean Oiff' FIsher PlSD" Scheffe F-test 
""" ... t 
llDEG,. 18DEG "032 002 • 10143 • 3.185 
• Significant at 9'% 
Table Appendix A .11. Single anova Cor runofrin Corestal treatments, data 1994 
One Factor ANOVA X 1 cow. y ,. mf 
AnatvD of Variance Table 
Source OF- SUm 5<1"""" MeanSQuore F-l ... 
Between crouPS 1 273 273 196 
WlIhIn OJOUPI .. SO" 1395 Ip.65Q5 
Tota .. 81163 
Model 11 estimate of between ~t variance .. 1121 
I:: 
FiRED VI NATURAL F} 135 
OUnne1tt 
1M3 
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Table Appendix A .12. Single anova Cor soil loss in Corestal treatments, data 1994 
One FactorAHQVA x 1:COVM' Y 2:· 
~04V ....... T_ 
Soun:e. OF· 
Between groups 
Within groups 58 
Total 59 
Sum Squares. 
D01E-7 
89E·5 
901E·5 
Moan~ 
a01E·7 
321''' 
F-'est-
0282 
p .. 0599 
Model. estimate 04_ ... __ .......... ·2.29E-6 
Grotlp Count Moan Std. Oov· StdEnor 
FlREDF 30 001 002 410-4 
NA11.IRALF. 30 002 002 001 
Comparison Moan Oiff. FlsherPLSO Scheffe F·.est Dunnetl t 
FP w. NF .:IE-4 001 282 .531 
Table Appendix A .13.Kruskal·Wallis Analysis: Global Data From 1994. 
1=cover V ,:mI 
OF 4 
I Groups 5 
lCoses 165 
H 14. 115 
H corrected tor ties 14. 117 
I fled groups 31 
GrouP" I Cases- .RCI1k MeanRa1k 
MAIZE ALONE 45 4315 95.889 
M+CANAVAUA 30 2244 748 
M+MUCUNA 30 3031 101.033 
FIRED FOREST 30 2108 5 70.283 
NATURALF. 30 19965 66.65 
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Of 4 
# Groups 5 
# Cases 165 
H 48556 
H corrected foJ ties 48565 
#tiedaro"" 10 
c;;,ouo. #C'''''"" • IlonIc "'<>cn Rcn~ 
MAlZBALONB 45 46185 102633 
M+CANAVAIJA 30 2575 85833 
M+MUCUNA 30 3302 110067 
FIRED FOREST 30 21255 7085 
NATURALF. 30 1074 358 
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Table Appendix A .14. Paired t-Test; Mean difference in Runoff and paired t 
value (in brackets) in 1994.(df=14) 
MA18 MAll MA6 MC18 MM18 MCll MMll FF NF 
MA18 0 3.74 4.38 3.95 0.88 5.54 3.36 4.98 5.35 
6.52t (4.21) (4.83) (4.44) (2.82) (4.38) (3.67) (4.50) (4.48) 
MAll 0 0.64 0.21 2.86 1.8 0.38 1.24 1.61 
2.78t (2.18) (1.58) (4.13) (3.05) (0.52) (2.88) (3.04) 
MA6 0 0.43 3.50 1.15 1.02 0.598 0.97 
2.14t (2.23) (4.65) (1.89) (1.91) (1.39) (1.87 
MC18 0 3.07 1.58 0.59 1.03 1.39 
2.57t (4.42) (2.52) (1.21) (2.22) (2.52) 
MM18 0 4.66 248 4.10 4.47 
5.64t (4.09) (3.62) (4.21) (4.19) 
MCll 0 2.17 0.56 0.19 
0.98 t (2.07) (267) (1.64) 
MMll 0 1.62 1.98 
3.16t (1.83) (2.06) 
FF 0 0.37 
1.54 t (2.94) 
NF 0 
1.17 t 
t mean nmoffper treaunent; t values from table, at p=O 01, 1=2.977; at p=O.OOI, 1=4.140 
Table Appendix A .15. Paired t-Test; Mean difference in Soil loss and paired t 
value (in brackets) in 1994. 
MA18 MAll MA6 MC18 MM18 MCll MMll FF NF 
MA18 0 0.051 0.053 0050 0.006 0.057 0.046 0.057 om 
0.058 t (2.82) (2.81) (2.71) (0.68) (2.76) (2.71) (2.80) (2.80) 
MAll 0 0.002 0001 0.045 0.006 0.005 0.006 0006 
0.007 t (1.40) (0.673) (2.44) (2.19) (1.52) (2.43) (2.45) 
MA6 0 0.003 0.047 0.004 0.007 0.004 0.004 
0.005 t (1.96) (2.43) (1.74) (2.11) (2.10) (2.14) 
MC18 0 0.044 0.006 0.004 0007 0.006 
0008t (2.3) (2.51) (1.38) (2.89) (2.89) 
MM18 0 0.050 0.040 0.050 0.050 
0.052t (2.46) (2.21) (2.49) (2.45) 
MCll 0 O.oI 00003 0 
O.OO2t (2.08) (0.487) (0) 
MMll 0 0.010 0011 
0.012t (2.27) (2.25) 
FF 0 0.0003 
0001 t (1.29) 
NF 0 
0001 t 
t mean SOli loss per treatment; t values from table, at p=O.OI, 1=2.977; at p=O.OOI, 1=4.140 
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Appendix 2 Statistical analyses for data corresponding to 1995 
Table Appendix A .16. Global single anova for runo~ data from all plots in 
1995. 
One_ANOVA X pl;COVER Y pRNF 
COMPARISON AMONG ALL TREATMENTS FOR 
RUNOFF DATA AndysIs of Varla1C9 Table 
SOUrce Of' SUm res: Mem <Jae' !'-Iest· 
Between rou 4 ln8738 432 185 18455 
Within ro 589 13793291 23418 = CXXll 
Total 593 15522 029 
Model 11 esI1mate of between cornponenlvarlance = 102.192 
an. Factor ANOVA X "a,COVER Y I: RUNOFF 
MAlZEALONE 162 5717 7046 554 
M-ICANAV 108 3529 4536 .436 
M+MUCUNA 108 3484 4B29 46S 
FIRED FOREST 108 2145 303 292 
NATURALF. 108 878 1066 103 
an. Factor ANOVA X "I; COVER Y "RNF 
COrn r!son' Mean 0Iff· RsherPlSO Scheff<> F-tost Dunnettt 
MA \IS. MC 2.1BB 1.181 • 3311 • 3639 
MA \IS. MM 2233 UBI· 3448 • 3714 
MA \IS. FF 3.571 1 181 • 8823· 5941 
MA \IS NF 4B39 1.1BI • 16.196 • B049 
MC \IS MM 045 1293 001 06B 
• Significant at 95% 
One Factor ANOVA X "a,COVER Y "RNI' 
COrn r!son' Mean 0Iff: Rsher PlS[)o Scheff<> !'-tost· Dunnettt-
MC \IS FF 1.384 1293 • 1104 2101 
MC lIS NF 2.651 1293 • 4051 • 4025 
MM \IS. FF 1339 1.293 • 1033 2033 
MM lIS NF 2606 1293· 3915· 3957 
FF lIS NF 1267 1293 926 1924 
• Slgnltlc.:ant at 95% 
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Table Appendix A .17. Global single anova for soil loss, data from all plots in 
1995. 
One Factor ANCNA X ,I, COVER Y 2 SLS 
Grou> <:ouT Mea< std [)ey Std. Error 
MAIZEALO~ 162 A28 1085 085 
M+CANVALIA 108 29' 816 084 
M+MUCUNA 108 263 906 081 
FlRED FORFST 108 021 015 001 
NATURALF 108 001 002 1.493&4 
OMFaet .. ANOVA X 1 '.CCMI Y 2 SlS 
Mem""' .. . ... 
MA VI. MC 134 191 A13 1376 
MA VI. MM 1.- ,., "8 169, 
MA VI. FF A01 191- 4.386 ' 4.188 
MA VI NF 421 191 • 4826 • 4394 
MC VI. MM 031 209 021 291 
'_cl_ 
Onefaclot'ANOVA X ,:I.COVER Y 2 SLS 
"...,Dlff .. C>.rnetIt. 
MC VI FF 213 209 • 1648 2568 
MC VI. NF 293 209 ' 1898 2155 
MM VI. FF 242 209 • 1.296 2.217 
MM VI. NF 262 209 • 1518 2464 
FF VI. NF 02 209 009 181 
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Table Appendix A .18. Global2-Factor ANOVA for Runoff 1995 (no MA6 data). 
Artafa fabieo for a 2·tactor Ana~ of Variance on Y 1 IMF 
• SlOPE(8) 
AB 
Enor 
B. 
'" 
1419054 
146971 
112131039 
15241193 
14191154 
136.: 
122846 
There WOI 1 Jrisslng eel found. 
22941 
18343 
1MB 
The AlIndd«Ice latH on Y 1 : RNF 
C. SlOPE. 11 DEG 18DEG Totals: 
MA 54 54 108 4428 8958 6693 
~ III'DMC 54 54 108 2503 4555 3529 
MM 
54 54 108 
m 2801 4168 3484 
FF 108 0 
108 
2145 • 2145 
Nf 54 54 
108 
.949 808 878 
Totab' 324 
216 540 
2A95 4622 3346 
.o:m 
<001 
1701 
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Table Appendix A .19. Global2-Factor ANOVA for Soil loss in 1995(no MA6). 
Artttta table kif a 2-tactor Ana~ at Vcwlance on Y 2 SlS 
Souroo dt Pvo ... 
acoveow 4 18.279 457 7.353 .lID1 
C SlOPE (B) 1 11832 11832 19.1l38 .lID1 
AB 4 3356 839 1.35 .2503 
Errc< 831 330-003 621 
'There WOI 1 nisslng eel found 
.... Allncldence~onY 2:SLS 
C:SLOPE 11 DEG 18DEG Totals: 
64 64 108 
MA 
.217 946 .581 
B. .~ ,~MC 64 64 108 143 .444 .294 
ID MM 64 64 108 116 Al .263 
FF 108 0 108 021 • .021 
Nf 64 64 108 
3.466E-4 .001 .001 
Totals: 324 216 540 
086 AS 232 
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Table Appendix A .20. Single anova Cor rnnoffin MA plots, 1995 data 
OneFactor ANOVA XI: c; SLOP'! Y 1. RNF 
Analysis olVariance Table 
MockiII es_ 01 between cOfrl>OO8OtwJlance -193 366 
one Factor ANOVA X l' C; SLOPE Y I'RNF 
GJOUD' Count· Mean std Dev Std Error-
MA6 54 3763 4429 603 
MAli 54 4428 4869 663 
MAl8 54 8958 955 1.3 
One Foetor AHOV1+. X I • C: SLOPE Y 1 RNF 
Co"",,_ MoanOlff 
_""'D Scheffe Hest Ounnettt 
MA6 VI MAil -665 .545 133 .51. 
MA6 VI MA18 -6.195 .545 • 8125· 4.031 
MAil ... MAl. -4 .. • .545 • 6.179 • 3.515 
• Significant at 95"10 
Table Appendix A .21. Single anova Cor soil loss in MA plots, 1995 data 
_orVQ1\anceTcble 
Modal H estmate Of between COf'I'1)OO8nt valance = .4 974 
One factOI' AHOV1+. X I C; SLOPE Y 2 SlS 
Gm-'O> Count- Mean S1d Dev' S1d 'nor 
MA6 54 I. .261 036 
MAil 54 .217 605 .082 
MAlS 54 946 1.652 .225 
One Foetor AHOV1+. X 1 C; SlOf'£ Y 2. SLS 
eo.....""," MeanDIff' FlsherPlSD Scheffe F-test Ounnettt 
Groupl VI 2 -rJl7 .39 I • A'> 
Group1 VI 3 -826 .39 • 8729 • 4.178 
~2V1 3 -729 .39 • .802 • 3688 
• Slg'IlfIcant at 95-4 
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Table Appendix A .22. ANOVA for runoff by cover and slope 1995 data (no 
MA6) 
ANNa table for a 2·lactor Analylk 01 Variance on Y 1 IMF 
There W918 no mIssng oeh found. 
1he Mlr! ddl ... .ce table on Y I : RN' 
B;COVER: MA MC MM Totals: 
c. 
~Ioc 11 DEG 54 54 54 162 4A28 2.503 2801 3.244 
54 54 54 162 
0 18DEG 8958 4.555 4168 5894 
Totals: 108 108 108 324 6693 3.529 3AM 4.569 
Table Appendix A .23.ANOVA on soil loss by cover and slope 95 data (no MA6 
data) 
Anova table for a 2-1actor Analysll ofVanance Oft Y 2 $lJ 
""'c0- d' a.mof~ MecnSQ.o .. F-t..t- Pvdu<> 
C SlO!'<OO 1 15762 15762 15217 0001 
B. CCNER(B) • 6658 33" 3214 0415 
AB • 3356 1678 16. 1996 
-
31. 3 .. ..,. 1036 
~ were no mls*lg eels tOt.nCl. 
TMAt __ .onY 2.SlS 
B·COVER. MA ~C ~- Totals' 
C ~''''' 11 DEG 54 54 54 162 .217 143 116 .159 
18DEG 54 54 54 162 t.> 
.946 444 .41 6 
Totals' 108 
108 108 324 
.581 294 263 .379 
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Table Appendix A .24. Single anova on runotTby slope 1995 data. 
en. _ AHOV ... x "C::; SLOOE Y "RNf 
_ ofVollcroce Table 
Model n estinale of between C~rI vaIc::mce '"' 533 094 
One_AHOV'" X I'C;SLOOE Y I RNF 
eounl' std Qey. std EI'IOr' 
I:: I:: I: 
OM Factor AHOVA X 1 C. SlOPE Y 1 RNF 
Moon "'" Scheffe Rest-1,265 
• SignIfICant at 95% 
en._ ..... OV ... X "C;SLOOE Y 2:SIS 
AncIy&fI otVorlance TabJe 
Source OF' &mSouares MeonSoocre F-test 
Be1ween """'" 1 15762 1~762 14954 
IMttin ClfO<h 322 330416 1054 D- 0001 
Total 323 355178 
Model. estinate of between ~nt va1anoe '"' 14.708 
Table Appendix A .25. Single ANOV A on Soil loss by slope 95. 
One Faclor AHOYA X I c; SLOPE y 2 SLS 
Count Mean StdOov std Error 
111 DEG 
18DEG I:: 1 :fR I: I: 
en. Faclor ANOVA X I C; SLOOE Y 2 lIS 
MtgoQlff. FJsber PI sp 
1'A41 1.224' 1.4.954 . 
Dunntftt 
• Slgnlflcont at 95% 
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Table Appendix A .26. Single anova for ronoffin forest plots, 1995 
Ono ....... ANOVA X ,," eova Y I'RNF 
_dVallanco Table 
Source OF- SUTlS<7Jar ... MeanSauate F-I'" 
Between~ 1 06123 06123 16813 
'MthIn """"'" 214 1100 831 & 158 In_ 00:)1 
lIota! 1215 1190554 
t-.1odeI n estinate of beflNeen c~rt vaIonee. 81 565 
One FactorANavA X I a,COVER Y 1 RNF 
I: 
One FoctOfANOVA X 1 I. COVER Y 1 RN, 
FIRED VI NATURALF 
• Slgnlf\oant at 95% 
Table Appendix A .27. Single anova for soil loss in forestal plots, 1995. 
Ono Fact« ANOVA x "t. FOREST Y2 :SlS 
Anatysls alVarlance Table 
is 
tv\odeI U estmate of between component variance .. 019 
One Foetor ANOVA X I I. COVER Y 2 SLS 
Group CQUnt Meoo std pay std Enne r~DF I~: I: ~ k:~ NATURALF 
One Foetor ANOVA X I.COV£I Y 2SlS 
flREDf.vs NAlURALF 
• SIgllfloant at 95'l. 
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Table Appendix A .28. Global KRUSKAL-WALLIS Cor runorrin 1995 data 
Kruskal-Wallls X 1 : B; COVER Y " RNF 
OF 4 
IGrOUOll 5 
I Cases 594 
H 98&17 
H corrected for ties 98612 
I fled crouos 84 
lCruskal-Wallls X pB;COVER Y 
Group: I Cases: -Ronk: Mean Ronk: 
MAIZE ALONE 162 622f12 383.963 
MAIZECANAVAUA 108 34087 315.62 
MAIZE MUCUNA 108 31288.5 289.708 
FIRED FOREST 108 30224.5 279.856 
NATURAL FOREST 108 18913 175.12 
Table Appendix A .29. Global KRUSKAL-WALLIS Cor Soil loss in 1995. 
KNlkal-Wallls X ,: B; COVER Y 2: SlS 
OF 4 
I Groups 5 
I Cases 594 
H 166 528 
H corrected for lies 167507 
I fled groups 13 
GrouP #r~ .~nk' Mean Ronk' 
MAlZEALONE 162 642135 396.38 
M+CANAVAUA 108 38059 352398 
M+MUCUNA 108 32738 30313 
FIRED FOREST 108 26715 247361 
NATURALF 108 149895 138792 
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Table Appendix A .30. KRUSKAL-WALLIS for runoff in MA plots. 
lCMkal-WalllI X 1 : C: SlOPE Y l' RNF 
OF 2 
I Groups 3 
I Cases 162 
H 17624 
H corrected for fles 17.626 
I fledJll'QUps 17 
pC;Sl.OPE Y pRll' 
r-.n. .... , ro""" 
. """'" """" Ono'" 
MA6 54 3613 66907 
MAll 54 40325 74676 
MA18 54 55575 102917 
Table Appendix A .31. K-W for soil loss in MA PLOTS 
KRllkal-Wallll X 
OF 2 
I Groups 3 
I Cases 162 
H 25077 
H corrected tor ties 25.124 
# tied grocps 2 
KNlkal-WaII. X 
':;mun. , C""", • ""0". MAon Onn" 
MA6 54 3607 66796 
MAll 54 37895 70176 
MA18 54 58065 107528 
Table Appendix A .32. Comparison of mean values of runoff among cover crops 
KRllkal-WalllI X 1 : B: COVER Y 1= RNF 
OF 2 
I Groups 3 
I Cases 324 
H 27.438 
H corrected for ties 27.439 
#fled IJroups 32 
KNlkal-WaII. X 
"'''''''. 
, C""", • Oon'" Menn 000'" 
MAIZE ALONE 108 21646 200426 
M+CANAVAUA 108 16149 149528 
M+MUCUNA 108 14855 137546 
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Table Appendix A .33. Paired t-Test; Mean difference in Soil loss and paired t 
value (in brackets) in 1995.(df=53) 
MA18 MAll MA6 MC18 MM18 MCll MMll FP NF 
MA18 0 0.73 0.83 0.50 0.54 0.80 0.83 0.93 0.95 
0.95t (4.44) (4.01) (3.98) (3.39) (4.44) (4.45) (4.18) (4.21) 
MAll 0 0.10 0.19 0.23 0.07 0.10 0.20 0.22 
O.22t (0.47) (3.21) (2.62) (0.36) (1.39) (2.54) (2.61) 
MA6 0 0.32 0.29 0.02 0.004 0.10 0.12 
0.12 t (2.51) (2.13) (0.49) (0.08) (3.27) (3.38) 
MC18 0 0.03 0.30 0.33 0.42 0.44 
O.44t (0.61) (3.21) (3.63) (2.84) (2.90) 
MM18 0 0.27 0.29 0.39 0.41 
0.41t (2.62) (2.71) (2.52) (2.58) 
MCll 0 0.03 0.12 0.14 
0.14t (1.39) (1.95) (2.15) 
MMll 0 0.10 0.12 
0.12t (1.43) (1.67) 
FP 0 0.02 
0.021t (2.46) 
NF 0 
0OO1t 
t mean nmoif per Ireaunent; t values from table, at p=O.OI, 1:2.675; at p=O.OOI, 1:3.492 
Table Appendix A .34. Paired t-Test; Mean difference in Runoff and paired t 
value (In brackets) in 1995.(df=53) 
MA18 MAll MA6 MC18 MM18 MCll MMll FP NF 
MA18 0 4.52 5.19 4.39 4.78 6.45 6.15 6.79 8.06 
8.95 t (6.44) (6.91) (5.77) (6.38) (7.44) (7.38) (7.16) (6.76 
MAll 0 0.69 0.10 0.29 1.94 1.65 2.29 3.57 
4.43t (3.42) (0.295) (0.82) (6.42) (5.06) (5.21) (6.08) 
MA6 0 0.79 0.40 1.26 0.96 1.60 2.88 
3.76t (2.03) (1.08) (3.95) (3.24) (4.10) (5.42) 
MC18 0 0.39 2.05 1.75 2.39 3.67 
4.56t (1.31) (7.20) (5.97) (4.64) (6.14) 
MM18 0 1.66 1.37 2.01 3.28 
4.17 t (4.49) (5.53) (3.69) (5.23) 
MCn 0 0.29 0.348 1.62 
2.50t (1.08) (1.17) (4.01) 
MMll 0 0.64 1.92 
2.80t (1.44) (3.75) 
FP 0 1.27 
2.16t (3.95) 
NF 0 
0.89 1 
t mean smlloss per Ireabnent; t values from table, at p=O.01, 1:2.675; at p=O.OOI, 1:3.492 

